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PGAP News 


_ Administrative Committee Responsibilities and Its 
Activities 
ae 


Petine arrangements to distribute er Stary 

copies of TRANSACTIONS to appropriate foreign 

libraries; Public relations man responsible for pub- 

lication of promotional information in other tech- 

nical journals. 

I. Bohnert—Actively promoting college and public 

library subscriptions now that fixed annual rate is 
established. 

iy T. Bolljahn—Responsible for national technical 
symposia. 

_ H.A. Finke—News and Views Editor. 

A. Helliwell—Membership. 

D. King—Promotion of local chapter organiza- 

"tion and activity. 

Fe “6 H. Rumsey—Propagation papers procurement. 
a George Sinclair—Papers review. 

J. B. Smyth—Transactions Editor. 

C. Spencer—TRANSACTIONS—PROCEEDINGS liai- 
son. 

W. Straiton—Antennas paper procurement. 
te. Van Atta—General. 

W. Wells—Awards. 

S. Carter, A. W. Waynick—Ex officio members. 
PGAP now includes seven local chapters. A new local 
chapter at present is being organized in the Northern 
_ New Jersey Section by W. Sichak, Federal Telecom- 
~ munication Laboratories, Nutley, N. J. 

In addition to this, a large number of our member- 
ship is now helping us in various other activities: 
Dr. S. A. Bowhill, Pennsylvania State University, is 
permanently assigned the responsibility of organizing 
the review of propagation papers. George Sinclair will 
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news and views 


continue to organize the review of antenna papers. 

Arthur Dorne, Dorne & Margolin, is the PGAP repre- 
sentative on the 1956 National Convention Technical 
Program Committee. 

S. M. King, I-T-E Circuit Breaker Co., is the PGAP 
representative on the Convention Record Committee. _ 

S. Hershfield, G. L. Martin, and W. Sharpless, Bell 
Telephone Laboratories, are PGAP representatives on 
the organizing committees for the joint symposium on 
microwave techniques in Philadelphia next February. 


General 


The following letter written by D. C. Ports, Chair- 
man of PGAP, to Dr. J. B. Smyth, Editor of our TRANS- | 
ACTIONS, demonstrates a forward look that the member- 
ship should be pleased to note. The letter is quoted 
herewith: 

“T feel that our PGAP TRANSACTIONS is well estab- 
lished and becoming recognized as the professional 
journal in our field of interest. Our membership is 
gradually increasing and the reaction from the papers 
published is quite gratifying. We will soon be including 
authors’ biographies in the publication and there may | 
well be other items of interest in addition to the present 
established departments. While we still have not estab- 
lished a satisfactory nonmember subscription rate, 
I feel that the library subscription problem is satisfac- 
torily cleared up. Our promotional campaign for obtain- 
ing library subscriptions in this country is being organ- 
ized and is about to get under way. We also have estab- 
lished an arrangement for distributing complimentary 
copies to appropriate foreign libraries and steps are 
being taken to get this started. 

“Tt is time now to take stock of our situation and 
consider any additional steps that might be taken to 
further our cause so as to maintain a vital support to 
our profession and a service to the people in our field of 
interest. 


“T would like to suggest that we consider the possi- 
bility and merits of changing to a bimonthly instead of 
a quarterly publication. There are both advantages and 
disadvantages to such a publication and by copies of 
this letter, | am asking for a discussion on the subject 
from the many people concerned. From the technical 
publication standpoint, it would appear that the avail- 
able material would warrant an increased volume due to 
publication. In addition to the general material we have 
been publishing, there are also important areas of micro- 
wave optics, radio astronomy, information theory con- 
cept of antenna design; there will probably be a con- 
tinuing series of new developments with respect to 
scatter mechanisms and applications, and perhaps sev- 
eral other more basic analyses. I would like to consider 
also, the value of republishing important technical 
papers of historical importance that are little known or 
unavailable to the great majority of our engineers. For 
example, a paper published in the Proceedings of the 
Royal Institution of Great Britain, Vol. 27, 1932, titled 
‘Radio Communications by Means of Very Short Elec- 
trical Waves’ by Marchese Marconi, is of considerable 
interest both technically and historically, particularly 
at the present time with the renewed interest in be- 
yond the horizon propagation. This paper is not too 
well known and copies are very difficult to obtain. It is 
also of historical interest that the number one paper in 
the first issue of the IRE PROCEEDINGS published in 
1913 isa paper on radiation by Michael Pupin. 

“Nontechnical information such as the News and 
Views would be more current and therefore of more in- 
terest and use to our subscribers, if the issues were re- 
leased more frequently. It would also probably be much 
easier to maintain interest over a continued debate on 
some subject over a span of two months rather than 
three months. There may be other advantages that can 
be developed through a debate of the subject. 

“Of the disadvantages, the increased editorial work 
load is probably the most obvious. In view of the in- 
crease in interest in the publication and the willingness 
of many people to help, this can probably be handled 
best by a panel of subeditors each in charge of specific 
areas of interest. The financial question must of course 
be faced, but this debate | will reserve for another 
round of correspondence. 

“T am anxious to receive general comments and sug- 
gestions reg rding this matter.” 


Fringe Interest Groups 


A Professional Groups Committee Meeting was held 
during the WESCON Show on August 25, 1955. The 
PGAP was represented by a number of people. Of the 
items that were reviewed by the Professional Groups 
Committee, one problem stands out of interest to the 
membership. This problem concerns the handling of 
fringe interest groups. From the notes below, Medical 
Electronics is carrying the ball for the moment, but 
quite a number of other groups, including our own, have 
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the same problem and sooner or later will have to come 
to grips with it. Presented herewith are some excerpts 
from the Minutes of the Professional Groups Commit- 
tee Meeting which best point up the problem: 

“Dr. Zworykin pointed out the growing need for 
closer cooperation between the electronics and medical 
professions and stated that the electronics engineers 
need the help of the doctors in solving their problems. 
He feels this is a vital concern in this country and 
abroad. He advised that in Japan, an Institute of 
Medical Electronics has been formed and they have 
offered to cooperate with the PGME. Similar organiza- 
tions are in the process of formation in France and 
Italy. Dr. Zworykin expressed concern that if the 
PGME is not in a position to offer special advantages 
to doctors, that the medical electronics activity will 
leave the IRE and form a new organization. Many top 
level people in the medical profession have expressed 
their interest in the PGME but are not interested in 
joining the IRE or in receiving the PROCEEDINGS.” 

“Mr. Podolsky called attention to the American 
Medical Association which has rigid rules for member- 
ship and advised that where a man wishes to belong to 
one of their subsidiary societies he must also belong to 
the mother society. He proposed that if it is desirable 
for the growth of the PGME to have the medical people 
take part in its activities and if these people are not 
willing to join the IRE, that the Group has the privilege 
of putting them on their mailing list to receive meeting 
notices and, if the Group can afford it, furnishing them 
with the Group publications.” 

“The Chairman expressed the hope that the Profes- 
sional Groups would show so much vitality and strength 
that members of other organizations with an interest in 
electronics would feel that what they will get is worth 
the dollars involved and would want to affiliate with the 
Groups by becoming members of the IRE.” 


Membership Survey 


Some of the Professional Groups are conducting sur- 
veys of their membership in an attempt to assess their 
areas of interest. The problem of best service to the 
membership can only be solved by an, intimate knowl- 
edge of their needs. PGAP plans, in the near future, to 
conduct a poll of the Group along these lines: Fields of 
Interest; Type of Employment; Membership in Other 
Societies; Technical Preference; etc. 

It is earnestly requested that full attention be given 
to this poll and that each member fill out the question- 
naire that will be mailed to him so that the Adminis- 
trative Committee can get a thorough evaluation of 
the Group’s needs. 


Symposium on Communication by Scatter Techniques 


This symposium was sponsored by the IRE Profes- 
sional Groups on Antennas and Propagation and Com- 
munications Systems, together with George Washington 
University. The symposium was held at George Wash- 
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Successful National Electronics Conference Held in Chicago Recently 


A successful, well-attended panel discussion on radio astronomy, titled “Radio Astronomy Enlarges the Observable Universe,” was held at the Conference. The general 
report was one of extreme satisfaction, attesting to the growing interest in the extension of radio techniques into the astronomical field. Participating in the panel 
discussion were (left to right): Dr. H. J. Ewen, Harvard University; Dr. R. C. Spencer, Air Force Cambridge Research Center; Dr. Lloyd Berkner, Chairman, Asso- 
ciated Industries, Inc.; Dr. Helen W. Dodson, McMath-Hulbert Observatory, University of Michigan; Dr. F. T. Haddock, Jr., Naval Research Laboratory. 


ington University on November 14-15. The papers are 
listed below: 


Propagation Mechanisms—Chairman, C. R. Bur- 

rows, Cornell University 

“Auroral Propagation Mechanisms,” H. G. Booker, 
Cornell University 

“Tropospheric Scattering of Short Radio Waves Be- 
yond Horizon,” J. H. Chisholm, Lincoln Laboratory 

“VHF Propagation by Ionospheric Scattering—A Sur- 
vey of Experimental Results,” R. C. Kirby, Central 
Radio Propagation Laboratory 

“The Role of Meteors in Extended Range VHF Propa- 


gation,” O. G. Villard, Stanford University 


Communications Systems—Chairman, W.H. Radford, 

Massachusetts Institute of Technology 

“Practical Considerations for Forward Scatter Applica- 
tions,” J. R. McNitt, United States Air Force 

“Some Meteorological Effects on Scattered VHF 
Waves,” B. R. Bean, Central Radio Propagation 
Laboratory 

“Point to Point Radio Relay Via Scatter Methods of 
Tropospheric Propagation,” K. A. Norton, Central 
Radio Propagation Laboratory 

“A Simplified Diversity Communication System for 
Beyond-the-Horizon Links,” F. J. Altman, Federal 
Telecommunication Laboratories 

“Systems Engineering,” W. E. Morrow, Lincoln Lab- 
oratory 


System Components—Chairman, T. J. Carrol, Massa- 


chusetts Institute of Technology ; 
“High Gain Antennas for VHF Scatter Propagation,” 
H. V. Cottony, Central Radio Propagation Laboratory 


“Transmitting Tubes for Scatter Communication,” 
T. Marino, Varian Associates 

“Power Amplifier Klystron for VHF Transmission,” 
Fred A. Speaks, Eitel-McCullough 

“Terminal Equipment for Scatter Communications,” 
J. Day, Radio Engineering Laboratories, Inc. 

“Implementation of Scatter Systems,” R. M. Ringoen, 
Collins Radio Company 

“System Parameters Using Tropospheric Scatter Prop- 
agation,” H. H. Beverage, E. A. LaPort and L. C. 
Simpson, Radio Corporation of America 


Propagation Results—Chairman, M. Katzin, Con- 


sultant 

“The Scatter Theory and Results,” W. E. Gordon, 
Cornell University 

“Characteristics of Beyond-the-Horizon Radio Trans- 
mission,” K. A. Bullington, Bell Telephone Labora- 
tories 

“Over-Water Scatter Propagation,” T. F. Rogers, Air 
Force Cambridge Research Center 

“Tropospheric Propagation, Montreal to Riverhead, 
Long Island,” G. S. Wickizer, D. G. Shipley and G. B. 
MacKimmie, Radio Corporation of America 

“Some Ionosphere Scatter Techniques,” D. A. Hedlund, 
L. C. Edwards and W. A. Whitcraft, Jr., Raytheon 
Manufacturing Company 


Microwave Techniques Symposium 


A Symposium on Microwave Techniques is planned 
to be held in Philadelphia, early next year. This pro- 
gram will be jointly sponsored by PGAP and the Pro- 
fessional Group on Microwave Theory and Techniques. 
Sandford Hershfield and William Sharpless are the 
PGAP members who are making the plans and arrange- 
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ments with the Microwave Theory and Techniques peo- 
ple. Our representatives, of course, report to Jack Boll- 
jahn who is responsible for all technical sessions of our 
Professional Group. 


IRE National Convention 


Work has already started on the program for the IRE 
National Convention. A. S. Dorne will represent the 
PGAP on the Technical Program Committee. 

The PGAP would again like to have four technical 
sessions, one being of the panel discussion type. It 
should be pointed out that the problem of getting four 
technical sessions at the IRE National Convention is 
not a small one since each of the score of Professional 
Groups feels that they require a similar number and 
great wisdom is required in allocating the number of 
sessions to different groups. 

There is some thought that in view of the fact that we 
co-sponsor a national technical session with URSI in 
April, we might emphasize papers presenting the ap- 
plications, measurements, and more practical aspects of 
antenna and propagation engineering at the National 
Convention and encourage the presentation of the 
more theoretical type of paper at the April URSI 
meeting. 


CHAPTER NEWS 


Los Angeles Chapter—The October meeting of the Los 
Angeles chapter of the PGAP was held on Tuesday, Oc- 
tober 11, at the I.A.S. Building, 7660 Beverly Boulevard, 
witn L. A. Kurtz of Hughes Research Laboratories, An- 
tenna Development Section, as speaker. His subject was 
“Two-Dimensional Slot Array Antennas.” Some radia- 
tion pattern deterioration effects were hypothesized as 
resulting from internal impedance mismatches rather 
than from mutual coupling between elements and a 
body of experimental evidence was presented to support 
the hypothesis. The meeting was preceded by a social 
hour and dinner, as usual, at the Encore Restaurant, 
804 North La Cienga Boulevard. 


GENERAL 


The TRANSACTIONS OF THE PGAP is trying to build 
up a Communications Section. This Section can serve a 
real need on the part of the subscribers by permitting 
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short technical communications to appear quickly in 
the Transactions. Sections of this kind are generally 
read rather thoroughly by scientific people because 
experience indicates that a good fraction of the letters 
are quite timely. We earnestly request the membership 
to take advantage of this possibility and help build this 
Communications Section by offering short technical 
communications to your Editor, Dr. J. B. Smyth. 


NEwS AND VIEWS DEPARTMENT 


The News and Views Department would like to en- 
courage expansion of its scope by acquiring sub-editors 
in fields such as tropospheric and ionospheric propaga- 
tion, high frequency and low frequency antennas, radio 
astronomy, etc. who might contribute readable, non- 
mathematical, short discussions on recent events in 
their fields. Should any one of our Group care to take 
on such responsibility as sub-editor in a given subfield 
of PGAP, your News and Views Editor would be pleased 
to hear from you. 


CALENDAR OF EVENTS 


Nov. 21-22, 1955: Aeronautical Communications Sym- 
posium, sponsored by the IRE Professional Group on 
Communications Systems, at the Hotel Utica, Utica, 
New York. 


Feb. 2—3, 1956: Symposium on Microwave Theory and 
Techniques, University of Pennsylvania, Philadel- 
phia, Pa. 

March 19-22, 1956: IRE National Convention and Ra- 
dio Engineering Show, Waldorf-Astoria Hotel and 
Kingsbridge Armory and Palace, New York, N. Y. 


April 15-19, 1956: The 34th Annual Convention of the 
National Association of Radio and Television Broad- 
casters, Conrad Hilton Hotel, Chicago, III. 


May 14-16, 1956: National Aeronautical and Naviga- 
tional Electronics Conference, Dayton, Ohio. 


Aug. 15-17, 1956: IRE/AIEE/IAS/ISA National Tele- 
metering Conference, Statler Hotel, Los Angeles, 
Galit. ; 


Aug. 21-25, 1956: WESCON. 


OG) ee) 
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contributions 


Exterior Electromagnetic Boundary Value 
Problems for Spheres and Cones” 
L. L. BAILIN} anp SAMUEL SILVER{ 


Summary—tThe problem of determining a harmonic time-varying 
electromagnetic field where the electric vector assumes prescribed 
values for its tangential components over given spherical or conical 
boundaries and which has proper radiation characteristics at infinity 
is considered by a procedure very much like that used in the theory 
of slots in waveguide walls. The technique used in solving this type 
of boundary value problem is to establish, by an application of the 
Lorentz Reciprocity Theorem, a Green’s function which represents 
the electric and magnetic fields of a point generator (infinitesimal di- 
pole) applied at an arbitrary position on the conducting surface where 
the fields satisfy homogeneous boundary conditions. The total fields 
for an arbitrary source are then obtained by superposition; i.e., di- 
rect integration over the aperture. 

Since detailed results for the case of a sphere have been obtained 
by many authors, we confine the details of the technique to the in- 
finite cone. It is assumed that in each case the tangential components 
of the electric vector are given functions over the entire boundary 
surface. The results apply directly to the theory of radiating apertures 
in a perfectly conducting spherical wall or a cone, since the tangential 
components of the electric vector are different from zero only in the 
area of the aperture, where it is presumed they are known. The re- 
sults are also applicable to scattering by conducting spheres and 
cones, since the tangential electric field components over the bound- 
ary surfaces are the negative of those of the incident field. 

To illustrate the applicability and the limitations of the results, 
we shall present the formal solutions for arbitrarily shaped apertures 
on cones and.apply them to the several types of delta slots which are 
usually discussed in connection with other radiating structures. 


* Manuscript received by the PGAP, March 18, 1955; revised 
manuscript received September, 1955. Presented at URSI Meeting, 
Montreal, Canada, May, 1953. The work described in this paper was 
carried out through the sponsorship of the AF Cambridge Res. Lab., 
under Contract AF 19(604)-262-F-4. ‘ ; 

+ Microwave Lab., Hughes Aircraft Co., Culver City, Calif. Now 
at Elect. Engrg. Dept., University of Southern California. 

t Div. of Elect. Engrg., Univ. of Calif., Berkeley, Calif., and Con- 
sultant, Microwave Laboratory, Hughes Aircraft Co., Culver City, 
Calif. 


INTRODUCTION 


HE PROBLEM of determining a harmonic time- 
varying electromagnetic field, the electric vector 
of which assumes prescribed values for its tangen- 
tial components over given spherical or conical bound- 
aries and which has proper radiation characteristics 
at infinity, is a basic one in many important practical 
problems concerning radiation and scattering in the 
radio-frequency region. Classic examples are the gap- 
excited spherical antenna,! biconical antenna,? and 
more recently the problem of scattering by a cone.’ 
The essence of the technique for solving the boundary 
value problem of this type is contained in Hansen’s* de- 
velopment of spherical wave solutions to the vector wave 
equation. Stratton® gives a rather complete treatment 
of Hansen’s theory. However, the delineation of the 
technique and its application to the general boundary 
value problem does not seem to be available in the liter- 
ature. The applications in the antenna field seem to 
have been limited to cases possessing axial symmetry. 
In such cases, the field is determined by a single com- 
ponent and the method of solution is precisely the 
1J. A. Stratton and L. J. Chu, “Steady-state solutions of electro- 
magnetic field problems,” J. Appl. Phys., vol. 12, pp. 236-240; 
March, 1941. 
2S. A. Shelkunoff, “Theory of antennas of arbitrary size and 
shape,” Proc. IRE, vol. 29, p. 243; September, 1941. 
3K. M. Siegel and H. A. Alperin, Rep. No. UMM-87, Willow 
Run Res. Ctr., Univ. of Mich.; January, 1952. Also L. B. Felson, 
Rep. No. R-362-54 PIB-296, Microwave Research Inst., Polytechnic 
Inst. of Brooklyn; February, 1954. 
4W. W. Hansen, “A new type of expansion in radiation prob- 
lems,” Phys. Rev., vol. 47, pp. 139-143; January, 1935. 


5 J. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book 
Co., Inc., New York, N. Y.; first edition, ch. 7. 
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Fig. 1—Coordinate systems. 


same as that for the Dirichlet or Neumann problems 
of potential theory. However, when the boundary 
values are of a more general type, the basic functions 
involved are orthogonal in a different sense and there 
are two general methods of formulating the problem. 
One way is to establish a Green’s function which repre- 
sents the electric and magnetic fields of a point gen- 
erator (infinitesimal dipole) applied at an arbitrary 
position on a conducting surface where the fields satisfy 
homogeneous boundary conditions. In this case, the 
procedure is very much like that used in the theory of 
slots in waveguide walls. A second way of formulating 
the exterior boundary value is to find the conventional 
Green’s functions which represent the electric and mag- 
netic fields of an oriented dipole source at an arbitrary 
point in space with homogeneous boundary conditions. 
The solution for arbitrary values to tangential E and 
H on the boundary can then be obtained by application 
of Green’s theorem. 

Although either technique can be applied, in the pres- 
ent paper only the first method will be used and formal 
solutions developed for the sphere and the infinite cone 
(Fig. 1). Since detailed results for the case of a sphere 
have been obtained by many authors, we shall confine 
the details of the technique to the infinite cone. It is 
assumed that in each case the tangential components of 
the electric vector, Hs and Eg in the case of the sphere, 
E, and Eg, in the case of the cone, are given functions 
over the entire boundary surface. The results apply 
directly to the theory of radiating apertures in a con- 
ducting spherical or conical shell. On the assumption of 
perfect conductivity for the walls, the tangential com- 
ponents of the electric vector are different from zero 


8 S. Silver, “Microwave Theory and Design,” McGraw-Hill Book 
Co., Inc., New York, N. Y.; first edition, ch. 9. 


over the boundary surface only in the area S, of the 
aperture. If, in the case of the sphere, the area S, is a 
narrow circumferential strip with uniform excitation 
around the strip, we have the boundary value problem 
of the gap-excited spherical antenna. The results are 
also applicable to scattering by conducting spheres and 
cones. In these cases, the tangential electric field com- 
ponents over the boundary surface are the negative of 
those of the incident field. When the primary field 
arises from a dipole source at a finite distance from the 
origin, we obtain the dyadic Green’s function for the 
exterior problem. 


SPHERICAL MODE FUNCTIONS 


The general solution is synthesized by a superposition 
of appropriate sets of basic functions which are solutions 
of the source-free field equations in spherical coordi- 
nates. We shall use here the modal representations first 
developed by Mie’ rather than the Hansen vector wave 
functions. There are three sets of basie functions as fol- 
lows: 


1) TEM-Modes: E,=H,=0, 


eniur € 
He Ay = + (=) mp, 
r sin 0 mM 
k = 2n/n. (1) 


The signs indicate the sense of the components in 
terms of the unit vectors 7,;, i, 7; of the spherical coor- 
dinate system. We use e’*‘ as the time representation 
and correspondingly the outgoing wave is represented 
DYysen ts. 

7G. Mie, “Beitrage zur Optik triiber medien, speziell kolloid- 
aler metallosungen,” Ann. Phys., pp. 25, 37; 1908 and P. Debye, 


“Der Lichtruch auf Kugeln von beliebigem Material,” Ann. Phys., 
pp. 30, 57; 1909. 
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2) TMim-Modes: 
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i, = — (rll) + R(rIL,n) HH, = 0 
or? 
We 3@e ] We 
Eo a ae (le a) Hy 7 : ae Seis 
r orod rsin@ d¢ 
1 3? —jwe 0 
2 = rallye Hy = ae vm 
i rsin@ drdd ( ) r 00 ne) 
3) TEym-Modes, 
Ei, cee 0 iT, dae a Cll 57a") Se RAG as) 
or? 
Joy Fs 
Eo = — ae m 2) HH, a C7 ilpract) 
rsin@ d¢ r oroe 
ee ty) nee 2 
= =— "(Al Boe => “AU ite, i 3 
oe: ¢r 00 *  rsin 6 rod \ (3) 
Here II,,, and II,-,,* are determined by 
VA kl = V7 + k1* = 0, (4) 


the appropriate boundary conditions on conducting 
surfaces, and radiation condition at infinity. 
The solutions to (4) have the form 


Ae COS ie} 


tbe Z,(kr) Ly™(cos 8) ‘ (5) 


Bym Sin mp 

where the designation e (even) and o (odd) refer to the 
cos md and sin m@ functions, £,”(cos 8) is a general 
solution of the association Legendre differential equa- 
tion, and Z,(kr) is the spherical function defined in 
terms of a general cylinder function Z,+1/2(k7) by 


1. 1/2 
Z,( kr) = (=) Zy41/9( Rr). 


For outgoing waves, we use the spherical Hankel func- 
tion of the second kind, h,®(kr) with our choice of the 
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time representation. Modes are designated as being 
even or odd according to whether they are developed 
from Tym, OF Tym, Thus, form (5) it can be seen that each 
mode with the appropriate radial function for outgoing 
waves satisfies the radiation conditions’ 


ifs € 1/2 
lim r| HSE (<) B| = 0 
rT 3 a) 
~~ eNtie a 
lim | 7 = (=) (i, X P| = 
10 be 


which must be satisfied by solutions of the exterior 
problem. 

The TEM mode field becomes infinite along the 
radii 02=0 and @=7. It enters into the solution only 
when the physical structure; e.g., a biconical antenna, 
is such as to exclude 6=0 and 6@=7 from the region 
under consideration. In the problems dealt with in the 
following sections, either one or both of the two radii 
are within the region and the TEM mode is, therefore, 
excluded from the synthesis of the field. 

The choice of the function £,”(cos @) and the values of 
mand vare governed by the physical structure involved 
and special boundary conditions which may be im- 
posed on the modes over the surface of the structure. 
In the types of problems which are treated in this paper, 
where the physical domain is 0S@S27, m must be an 
integer to insure single-valuedness in ¢. The TE and 
TM modes may have the same eigenvalues v as in the 
case of the sphere, or different ones as in the case of the 
cone. In either case, the modes are orthogonal in the 
sense that there is no power flow between modes; that is, 


(6) 


eek Hun): t,dS =O forv#¥uwormA#n (7) 
S 


the integral extending over a sphere or a segment of a 
sphere according to the type of physical structure in- 
volved. Appropriate normalization of functions can be 


‘introduced but it is not particularly necessary in present 


discussions. General representation for field is then 


ym Sin md — Dyrm cos mo | 


ym IC 


1 
a x Dp “Y a ) Z,(kr) Ly™(cos 8) [Arm cos mb + Bym sin me | 
id ee me 
=< >>, aS a 2 [Aym Cos mM} + Bym sin mo| + jou dd 
—m 


r 

1 a eee 

— ee ae do 
m 


[Crm Cos mp + Dyrm sin mp] — joe Sym. 


d 
Fs [pZ- |] Lo [Com Sin mb — Dym cos mp] — jue So, 


es [Cirm cos md + Dyrm sin mo | 


+ Fae Da Dy Z, 


Zy( Rr) Lu ™(Cyrm COS nb + Dyrm sin mo | 


hid EAI Willars sin md — Bym cos mo | 


sin 6 


dL,” 


v m dé 


v m 


[Asm Cos mp + Bym sin mp] (8) 


8 Silver, op. cit., p. 85. 
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where the summations are taken over the appropriate 
set of discrete eigenvalues. It is clear that the field can 
be determined readily if the boundary conditions con- 
sist of assigned values of £,(0, ¢) and H,(0, @) over a 
sphere completely enclosing the sources. It is necessary 
only to develop the assigned boundary values in a series 
of appropriate functions 


Le ™(cos be ot : 


hee mo, 


However, the boundary conditions are rarely given in 
that form. 


BOUNDARY VALUE PROBLEM OF THE SPHERE 


Let us now consider the problems of a sphere of 
radius a over which we have assigned the tangential 
components 


E4(a, é, ¢) rs fi(8, ¢) E4(a, 6, ?) ay f2(8, p). (9) 


In the case of the sphere, the function £,”(cos 6) is 
required to be finite at both 6=0 and 0=7. The appro- 
priate functions are, therefore, the associated Legendre 
polynomials P,”(cos #) and the eigenvalues vy are the 
integers 7 =0, 1,2, - - - for both the TE and TM modes. 
The field must also be required to have the sense of out- 
going waves for all values of r, 0, 6; hence we use the 
radial functions h,,© (kr) throughout the representation 
for the field. 

To determine the coefficients Anm-: +--+ Dam we make 
use of the Lorentz reciprocity theorem: Given a region 
R bounded by a surface (or set of surfaces) S, and let 
Fy, H,, and E,, H, be any two source-free fields of the 
same frequency satisfying Maxwell’s equations in R, 
then 


{ @ Sg Ea avid Sx f (Ex X H,)-nadS (10) 
iS s 
where # is the outward normal to S. The region R in the 


present case is the infinite domain bounded by the 
sphere of radius a and the sphere at infinity. We take 


January 


the field E,, Hy, to be that corresponding to the given 
boundary values and for the field Z:, H, we use any one 
spherical mode. Since both fields satisfy the radiation 
conditions, (6), the surface integral in (10) over the 
infinite sphere vanishes and we are left with 


‘| (E, X He) -7,dS =} (Ee Hs) 405. 
p sp 
or 


{ (Bs Ho Bales 


sp 


: { (Eo,Hg, — Ey,He dS, aide 
sp, 

The given boundary values fi(@, ¢) and f2(6, ¢) obvi- 
ously enter into the integral on the left-hand side. We 
use the series representations, (8), for Hs, and Hy, in 
the integral on the right-hand side. By taking E2, Hy» to 
be successively a TMame, +>: , TEnmo mode we obtain 
the unknown coefficients. Orthogonality between modes 
of different m values and different symmetries is directly 
evident. Orthogonality between modes of different n 
values and between TE and TM modes results from: 


ale ete sly 
? "(cos €) ——— (cos 
0 do 


GME pt 
+ P,™(cos @) (cos | a0 = 0" 512) 
and 
“dP. "(€os 0) Lay otcosi0) m 
i Se eet | sin 6d0 
0 dé dé sin? 6 
a0} for n ~ n’ 


2n(n + 1)(n +m)! 
ee fone 
(Qn + 1)(n — m)! 
The procedure is a straightforward one and leads di- 
rectly to the coefficients: 


(13) 


ape” | sin 6 
ff Fo p) cosmo — oss f2(0, 6) Pn™ sin mp ia 
Dik S (Qn + 1)(in —m)! @ do sin 6 dédg 
re 2n(n+ 1)\(n+m)! « d 
— (rh, (Rr) |pna 
dr 
: aR in 0 
ff fi(9, $) sin mp + a f2(0, 6) Pn™ Cos mp iy 
iam (Qn+1)\(n—m)! a do sin 0 dodo 
© Daan 1(n+m)! « d 
BS [phn (Rr) |rna 
r 
m . GP 3” sin 6 
(Qn+1)(n—m)! 1 ila Is gi? PTET ID) ea m0 | 
Cnn ma : : 
2n(n + 1)\(n +m)! x John (ka) 
mo aR? sin 6 
Oe ee = ifs i 
_ n+ 1)(n =m)! 4 Tp eS 9 (MO OAT C08 Ib Tat eee mo |g me 


Qn(in + 1)\(n +m)! x 


—jwyuh. 2)( ba) 
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BOUNDARY VALUE PROBLEM OF THE INFINITE CONE- 
SPHERICAL MODE REPRESENTATION IN THE 
INCOMPLETE REGION 


We consider now the radiation from an arbitrarily 
shaped aperture cut in an infinitely long, perfectly con- 
ducting right circular cone with exterior cone angle 
6) (see Fig. 1). The technique that will be used in this 
problem will be essentially the same as that used in the 
previous section for the sphere except for one funda- 
mental difference. In the case of the sphere, it was not 
necessary to introduce the concept of a point generator, 
since a single series was sufficient to represent the field 
over the surface and at infinity. However, for the in- 
finite cone, special conditions must be imposed on the 
behavior of the fields in the neighborhood of the tip in 
addition to those at infinity. Thus, the boundary condi- 
tions at the tip and those at infinity cannot be met by a 
single series representation. It is, therefore, convenient 
to consider a point generator on the surface of the cone 
and to divide the exterior region into two parts. In one 
part, the series representation is designed to make 
energy at the tip finite; in the other, it is made to satisfy 
the radiation conditions. The two series representations 
can then be related by continuity across the hypothet- 
ical surface which divides the region. The fields of an 
arbitrary aperture may be found by integrating the 
fields due to the point generator over the physical di- 
mensions of the aperture. 

The axis of the cone serves as the zg axis of our coor- 
dinate system and we choose the spherical coordinates, 
r, 9, @, as most suited for developing the general solu- 
tion, since the surface of the cone can be given as 
6=60)>7/2. On the surface of the cone we have a slot 
of arbitrary shape bounded in the radial direction by 
r, and r2 and, circumferentially, by the curves ¢1(r) 
and ¢2(r). The tangential electric field in the slot will, 
in general, have both r and ¢ components which we 
consider to be prescribed functions of fi(7, @) and f2(r, ). 
In view of the infinite conductivity of the wall, this 
represents a complete knowledge of the tangential 
electric field over the cone. Since the radiation condi- 
tions, (6), determine the form of the fields on the incom- 
plete sphere at infinity, the fields are thus uniquely de- 
fined in the region exterior to the cone. 

The solutions to Maxwell’s equation in the region 
exterior to an infinite cone can be obtained from (2), 
(3), and (4). The @ dependence of (5), which is finite at 


| §=0, is given by 


Tmo) == 7 (b7).P”(Cos,0) tAya cosmd + Bym sin mo} (15) 
where the v’s are the non-integral eigenvalues defined 
such that tangential E vanishes at @=6o. Thus from (2) 


and (3) 


2, 2 (COsi0) = 0 for the TM set (16) 
§=8 
and 
ae 6 
ge!) =. 0 for the TE set. (17) 
AA ae 
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To determine the appropriate r dependence, we con- 
sider the region divided into two parts (see Fig. 2) such 
that in II r>79 and I r<7ro. Here 7 is defined by the 
location of the point source at (7’, 00, ¢’) such that 
fo <r. 

To satisfy the radiation condition in region II, the 
r dependence of the fields must behave as an outgoing 
wave and, consequently, 


Z,(kr) = hy (kr). (18) 

= 

Ta 
SS 
oe 
S2 ‘ 

(1, 85,0!) Ne 
TSS 

\ \ 

Si \ 
'<!o '>[ \ 
\Seo 


Fig. 2—Lorentz regions. 


In region J, and therefore over So, the r dependence of 
the fields are determined by the functional behavior in 
the neighborhood of the tip. At the tip, the fields become 
singular, but the singularity must be integrable in such 
a way as to make the energy in the neighborhood of the 
tip finite. This restriction requires that the potential 
electric field behave as 


E~w~r y>0O (19) 
which leads to potential functions II of the form 
Il~r. (20) 


Thus, we seek solutions which behave as (20) for small 
ry. In the neighborhood of the tip the two independent 
solutions of the spherical Bessel equation are j,(x) and 
j_»(x) and the component of the electric field behaves as 


(21) 


or 
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/ 
Since the singularity described by the j_,(x) solution is Ext v(v + 1) Is (kr) P,™" (cos 6) ee 
of too high an order to satisfy the energy condition, the r sin m' 
unknown fields in region I must be restricted to en UP cons 
Eg = — — [rhy (kr) | 
Z,(kr) = j.(kr). (22) r dr dé sin mh 
m! 1 / 
Similar reasoning may be applied to II* and H. The po Rs pe ArH an P, 1 sin mo \ 
general representation for the field is then given by in- tf r dr sin 0 |— cos m’'@ 
serting (15) with the appropriate r dependence, (18) or Tea 
: ete A . 21 oe 
(22) into (8) as a superposition of basic waves with the 1g8 sete 
summations taken over the infinite set of integral values i PL ROG Pepe { sin m’o } 
m and the set 7 which denumerates the non-integral J f sin 6 \— cos m'¢ 
eigenvalues of (16) and (17). . . dP.” (cos m'd 
To determine the unknown coefficients in (8) fora Hog = — jweh,°) (Rr) | ( (26) 
: do \sin m’¢ 


point generator, we apply the Lorentz Reciprocity 
Theorem described by (10) to region II. Thus, in com- 
ponent form for this region, (10) becomes 


f Enttss—Bisttaast f — (E16H2g— E1gH 29) dS 
Sy» So 
ane (Eye H2g— EigH 29) dS aaa (E>,H14— E2gH1,)dS 


So So 


te — (EoeH1g— E25H19)dS 


So 


“fe (EooH14— E2gH 19) dS. 


Seo 


(23) 


Now let £1, Hi be the actual field for which the expan- 
sion is formally given in (8) (see Fig. 2) and choose Fo, 
H» to be some one mode of unit coefficient. It can easily 


be shown that over S,, 
€ 1/2 
_— (=) Fog (24) 
M 


€ 1/2 
woes 

be 
since both fields represent outgoing plane waves to 
order r—!. Thus, (23) reduces 


e\1/2 
Hoy = +(+) E26 Ho = 
ML 


and 


e\1/2 
Hig = (=) Ey Hy = 
iv) 


-f (EosH 15 — FogH19)dS KG (25) 
S 


where 
K= (Ei,H og 3 E\gH2,)dS 
So 


since the integrals over S,, cancel and the tangential 
components of 2 vanish over S». 

To evaluate the integrals in (25) we consider two 
cases: 


CASE 1 Es, He is TMmy mode even or odd 


Inserting (26) and (8) into (25), the left-hand side will 

reduce as follows: first, it is easily shown (Appendix), 

that in this case the coefficients of C and D vanish. 
Second, due to the orthogonality in ¢, only 

hee combines with es. 

sin m’o sin md 


in the integration over ¢ from 0 to 27, and that only for 
m' =m since 


ZT(COS) is 
it , \ modd = m(1 + Som) (27) 
0 sin 


where 


m ¥ 0 
Som 
=u m= 


Thus, the left-hand side of (25) becomes 


ad d 
Am, Yue i.) — (rh,,®) — rh, — (i) | [7(1 + Som) | 
% dr dr 


f ] [soe aP,™ iP m2 e = y ie 
: yO Sine 
Sladee eee, eee ; | se 


where A’ is the unknown coefficient (A or B) in region I 
since So was arbitrarily selected to be in this region. It 
is also shown in Appendix I that 


ii 90 [= dP,” é m? é . 
Sa — PP si Gage 0 
a loedon 9 0g0, Meer | e 


for vy ~ v; 


69 
=v,0;+ 1 f (P,,™(cos 6) |? sin 6d0 forv =»; 
0 


Vive +l ee we O Pere cose) 
= ———— sin 4 
2¥3 + 1 06 


Thus, (25) becomes 


oP,™(cos 6) 


(29) 


6=89 ° 


v=Vy 


0=0y Ov 


d d 
Am, 1( jes) ES (rh, .) — rh, — (cn) |v = K (30) 
: dr dr 


where 


vives OP,.™(cos 0 
N= (1 + Omn) oe! ” sin Ao eS ( ) 


V; Ov; 


0=09 
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Eq. (27) can be further simplified by observing that the 
expression in the bracket is related to the Wronskian of 
Jroi(kr) and h,;~(kr) and therefore 


d 
Gc fi(d 2H (hy, (kr)) — hy, (kr) < inte | 


= PW (Fry bn, = —— + (31) 


Thus, (30) becomes 

(32) 

Now applying the condition of continuity of fields 

across the hypothetical surface r=7ro, we have 
Am, Thy, ®(kro) = Am, Xfr(R)0 (33) 


where A™ is the unknown coefficient (A or B) in region 
II. Thus, from (32) and (33) we obtain 


K m 1 /} 
Am Y a ee 34 
e a) ee 
and 
Ap, dt = Be ae (35) 
ee Wy Ne hy Bro) 


The integral, K, may be readily evaluated for a point 


— generator of TM waves located on the surface of a cone 


at 7’, 00, ’ since 
_ Byilr = 1')(o — 4") 


(36) 
Y sin 60 


Ir 


where Ey is the arbitrary amplitude of the generator, 
and 


IEloy = 0. 


_ Thus, 


Pe leo Ki— Fo — 0 ) 
ice = | Bxblesds al f e 
Ss ro 0 ry sin 6 


aE, 
— jweh,, (kr) 


6=89 
cos mb 
: \ r sin 6 drdd 
sin mp 
: Ghee (cos mp 
Teemenon | fo) 
dé | 9, \sin md 
If we now let ro>—7’, then (34) becomes 
— FRE UM eR cos mo’ 
Apt * hy, (Br) ' ; (38) 
e , go, \sin mp 
and (35) reduces to 
—jkE aR cos m¢’ 
ey, (br) \ 5 f(39) 
vs do 9-6, \ Sin mp 
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Combining the even and odd coefficients, (38) and (39), 
the total electric type potential function which is a 
superposition of the elementary functions of (5) can be 
written as 


l= SED ya ae 


m=0 i=1 m=0 27=1 
—(jkEo)(2v; + 1)P,,™(cos 6) cos m(d — ¢$’) 
OPS 


vive + 1)(1 + Som) sin 6 


6=6 
Vv v=Vj 


X jr br<) My, (kr>) (40) 
a 
where r>, r<symbolizes the larger and smaller of the 
coordinates 7, 7’, respectively. For an arbitrarily shaped 


source where £y =f; (r’, 0’), (40) can be written 


1] ss Ss (—jk)(2v; + 1)P,,"(cos 8) 


m—0) 2—1 F MRE 
viv; + Die! a bom) ™ sin 6 


§=69 


v v=Vq 


r2 2 
i) i falr', #") cos mlb — #°)j,(Br<) 
TY oi 


. h, (kr > )r’ sin O0odr'dq’. (41) 


All the field components may now be derived by apply- 
ing the operators of (2). 
CASE 2 Fx, H2is a TEm, mode, even or odd 

E, = 0 

Eo = jopmh, (kr) 


yt | sin m’ ; 
sin@ (— cos m'¢ 


Behe) dPy™ cue 
a y! Yt 
ae a do sin m’o 
/ / if 
H, — aon 0 iu al hy Py» m! ‘a Li i 
r sin m’d 
il @ dP,” (cosm'd 
He = — = [rh] SAR rh 
r ar dé sin m'¢) 
il @ IP (Sinn Gee 
Hy = = Wt = = [rhe] = $ rp 
r ar sin @ (— cos m'¢ 


If we insert (42) and (8) into (25), then the left hand 
will reduce as follows: As in Case 1, it can be shown 
(Appendix I) that all coefficients of A and B vanish and 
that, due to the orthogonality in ¢, given by (27), we 
need only consider the terms where m’=m. Thus, for 
this case, (25) reduces to 


mM 1/2 
G 


vi(vitl) . O2P gt 
sin 05 ."(COS 09) 
2v/ +1 O0dv 


1 (43) 


where 


N’ = —2(1+5om) 


0=89 


and C1 is unknown coefficient (C or D) in region I. If we 


again invoke continuity condition at r=7o, then 


Cv thy, © (Rr) = Cmvytfv,( Rro)- (44) 
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Thus, from (43) and (44) simultaneously, we obtain 
KE € Le 
avg 


€ 1/2 ° 
Cy = — K ( ¥ ) Jvil kro) 
WG 


h, > (Rro) 
The integral K’ may be readily evaluated for a point 
generator of TE waves located on the surface of a cone 
at 7’, 00, d’ since 


(Cray a = 
(45) 


and 


(46) 


bs 


January 
and 
€ 1/2 
fa (“) yy Sa tt 
Grae = x * 2 bay? Py 7 (COS 60) 
2 N’ y! 
cos mq’ 
sy 1 indir’). (50) 
sin md 


Combining (49) and (50) and the even and odd coeff- 
cients, the total magnetic type potential function which 
is a superposition of the elementary functions of (5) 
can be given as 


€ 1/2 Ey 
2(v7 + 1) (=) — cos m(p — ¢’) P,,.™(cos 8) 
i 


Il* = SS Slat == De ss 
sa] ; 


m=0 = m=0 i=1 


cr (1' + dsm) Sik 09 
060 


€ 1/2 

(2y; + v(=) Pe OCCOS @) 
in2) ive} v) 

We oe ae ai) 
m=0 1=1 y r1 


—a(1 + dom) sin Oo 
00 


1 


0=85 


hits 
v=Vy 


Vv 


Ex8(r — 1')(b — 4") 


y sin an 


Lig = (47) 


and 
fie = 0 


where E’) is the arbitrary amplitude of the generator. 
Thus, 


=p Bialr — 1/86 — 4") 
bts J Brothas 5 =f J 
° sg r9 0 r sin Ao 


Vey 1) 
«| 
. 


— hy. (Rr) Py, ™(cos 8) 


cos mp 
oe \ |r sin ty dre 
sin mp 


Safe ce a 1) 


r 


hy (Rr) P,,™(cos 4) 


cos m 
Jee f 
sin mos 
Again we let ro—r’ and (45) and (46) become 
e\*/? 
ex(~) a / =f: 1) 
Cm = E = Py,.™(Cos 4) 
N' r! 
cos m¢’ 
. \ : \ i | (49) 
sin md’ 


ie falr’, 6’) 
fo) if 


X joke <) ly (Rr) >). (51) 
o7 Py” 4 
6=09 


weer ehs 
v=V 5 


Vv 


For an arbitrarily shaped source where Eo! =f2(7’, $’) 


—— cos m(o — $’)j,,(kr<) hy, (kr>)r’ sin Oodrd’, (52) 


/ 


and the various field components may be derived by 
applying the operators of (3). 


ILLUSTRATIVE EXAMPLES OF SLOTS ON CONES 


To illustrate the applicability and the limitations of 
the results, we shall present briefly the formal solutions 
to several types of delta slots which are usually dis- 
cussed in connection with other radiating structures. 


A) Circumferential Slot [see Fig. 3(a) | 


We consider first a uniformly excited circumferential 
slot. The slot runs around the cone in the ¢ direction 
and has a height 2w which is very much smaller than 
the circumference at the position of the slot. If the 
slot is centered about y=a and ¢=0, then, for conven- 
ience, we shall take 71,=a—w and r2=a+w and ¢,(7) 
= —}¢, b2(7) = +0, where do =7. The tangential electric 
field in the slot has only an 7 component and is inde- 
pendent of ¢; thus, at 9=6, 


Cs ¢’) 


I 


Eo for |r’-—a| Sw 

= 0 for |r’ —a| > w 

Bia ¢’) = 0 

The integrals in (52) vanish and those in (41) become 

SS (= TR) (20 1) Va) Pu, hr i, er) 
Laps Ds 


m=0 t= 


for all r’. 


— 


OP 
viv; + 1)(1 + Sm) aa 0=09 


v v=); 


- cos m@¢ sin me (53) 
; 53 


m 


. 
| 
| 
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Fig. 3—Slot coordinates. 


where the voltage across the slot is defined to be Vo 
=2E,W. Thus, a superposition of the TM modes is 
appropriate only for the fields from this type of slot. 

For a uniformly excited, axially symmetric circum- 
ferential slot which runs completely around the cone, 
do=T, (41) reduces to 


I= Me (jkaV o)(2v;+ 1) P,,(cos 8) 
1=0 OP, | 
vi(vi + 1) fst 


v 


4 (ha <)h,,(kr>) (54) 


0=69 


v=V 4 


which is proportional to the m=0 term of (53). 
If the excitation is not uniform around the axially 
symmetric slot but is such that 


Ni’, ¢’) = Eo cos n¢’ |r’—a| Sw 
= 0 |r —a| =w 
pmerem—1,2;35,4,+--, then 
—jkaVo)(2v; + 1) 
n=-> (—jkaV 
: al vi(v; + 1) 
P,,"(cos 9)j,,(Ra<)h,,(kr>)cos np (55) 
g aP,n ) . 
6=0 
Ov y=v; 


which is proportional to m=n term of series in (53). 

Next we shall consider a thin circumferential slot de- 
fined by |7’—a| Sw, |o’| <q» with the following dis- 
tribution across its surface 


| 6" | S do 


for 


fi’, #) = 


for 


| ¢’| > 0, 


where ¢o is the half angle of the slot. The frequency of 
source is so chosen that slot is a half-wavelength long; 
1.€., 2poa sin 09 =A/2 or do=7/2 ka sin Oo. Since 


go 
HF cos [(ka sin 60)’ | cos m(o — ¢')dd’ 


$o 
mor 
COS mo COS Cons) 
2ka sin 69 
a = , (56) 
(Ra sin 69)? — m? 
then 
“ae 3 2. (—jkaVo)(2v; + 1) Py "ces 0) 
mad tar (L + Som) [vs(vi + 1)] OP,,™(cos 8) 
ace 
T 
cos md COS ( ri =) 
asin @ 
jn (Ra<) Ip, (kr >) X ee = (57) 


(ka sin 09)? — m? 
which is proportional term by term to (53). 


B. Longitudinal Slot |see Fig. 3(b) | 


For the case of a narrow slot, parallel to the gen- 
erator of the cone, assume that the electric field has 
only a uniform Ey component or 
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fir’, 0!) = and fe(r’, d) = Ey’. d(P,,) 
1/2 io) (2; 
If the width 2w of the slot is very much smaller than Ei () a Ay 
the circumference of the cone at its center, and the € ‘21 
length, 72—71, is such as to permit the sides to be ap- vile + )= so es 


proximated by constant values of ¢’, then the integrals 
in (41) vanish and those in (52) become 


€ 1/2 
ihe (2, + 1) (<) P,,™(cos 8) Vo’ cos me 
U*#= >>>: - “ : 


m=0 i=1 


; o7P,” 
—a(1 + dom) sin Ao ; 


6=69 


v=v" 


Vv 


rT? 
i jul br <) Ito (kr>) dr’ (58) 


T1 


where V’)=2wi’». Due to the nature of the functions 
involved and the fact that a longitudinal slot cannot be 
conveniently described by the coordinate system on 
the surface of a cone, no further simplification seems 
possible. 


NUMERICAL RESULTS 


The computation of the field patterns of the radia- 
tion from the slots mentioned above is severely limited 
by the difficulty of obtaining the non-integral eigen- 
values defined by (16). However, excellent progress has 
been made recently by the National Bureau of Stand- 
ards at the Institute for Numerical Analysis in over- 
coming this difficulty. They have obtained, with the aid 
of SWAC (high-speed digital computer), the eigenvalues 
of (16), the corresponding eigenfunctions, and the 
normalizing integrals of (30) for the following cases: 
m=O, 1, 2, and 7=1(1)30. Thus, numerical results may 
be obtained for the slot described in case A(2) and for 
n=1, 2, of case A(3), or the first three terms in the 
synthesis of a half-wavelength delta slot. 

Computations have been made for the far field pat- 
terms of the uniformly excited, axially symmetric 
slot (case A2) for a 30° cone angle (@)=165°). Although 
this slot is not a very practical radiation device, it is 
the first term in the synthesis of a more useful radiator, 
the half-wavelength slot. Thus, if we consider the far 
field where r>>a and 


e ik 
h,, (kr) _ : ei (vit) a)? (59) 
(54) becomes 
eikr a 1/2 
I = baVs( \(=) 
kr 2ka 
: (2y;-+ 1) P,,{cos 8) | 
ee aP,(cos 6) | e7%7!)J,.4472(ka), (60) 
Gat : 
vi(v; + 1) ————} 9, 
v y>=V_E 


and from (2) the dominant terms of the far field com- 
ponents are 


‘J, 41j2( Rae ™ (61) 


a \ 12 e-aikr 
— jtav (5 -) < 
2k r 


An examination of the terms in the series given by (61) 
points out another numerical difficulty which is en- 
countered when the position of the slot denoted by a 
is many wavelengths from ‘the tip of the cone. Under 
these circumstances the series in (61) do not converge 
until the order of the Bessel function, (v;+1/2), exceeds 
the argument, ka. Thus, for a=25\ or ka=507, we 
must sum 165 terms to obtain convergence, since 


e fe 17 
hema (ese Cor Gera 
aioe > 
for large 1.° 


Although the I.N.A. results provided us with the 
eignevalues and sufficient data to compute the deriva- 
tives of the Legendre functions shown in (58) in the 
range where they are most difficult to compute, 7=1 to 
30, it was still necessary to evaluate these functions for 
4=31 to 165. The eigenvalues in the latter range were 
computed from expressions derived by Pal.!° The de- 
rivatives were obtained from two terms of the asymp- 
totic series for the Legendre functions given by Hobson." 
The computation of the Bessel functions, Jy,+1/2(Ra), 
also offered difficulty since there is no single formula 
for all values of z. The following formulas were used in 
the calculations of J,,+41/2(507): 


where 


As= 


1) For z=1 to 30; the usual Hankel asymptotic se- 
ries.” 


2) For 1=31 to /110; the asymptotic expansions of 
Debye." 


3) For 7=111 to 143; the asymptotic expansions of 
Langer.“ 


4) For 1=144; the asymptotic expansion of Langer.® 


5) For 1=145 to 165; the asymptotic expansion of 
Langer.'® 


ae M. Macdonald, Proc. Math. Soc., 

10 B. Pal-Bul. Calcutta Math. Soc., vol. 9, pp. 85-95; 1917-1918. 

uk, W. "Hobson, “Spherical and Ellipsoidal Harmonics,” Cam- 
bridge University Press, Cambridge, Eng., p. 302; 1931. 

2G. N. Watson, “A Treatise on the Theory of Bessel Functions,” 
second edition, p. 199, 

18 Tbid., p. 244. 

“RE, Langer, Trans. Am. Math. Soc., vol. 34, p. 60; 1932. 

5 Tbhid., p. 63. 

16 Thid.; p. Ol. 


London, Eng. 1, vol. 31, 
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Fig. 4—Axially symmetric circumferential slot. 


Checks on the validity of each expansion in its 
doubtful region were made by overlapping cases 1 and 
2, 2 and 3, 3 and 4, and 4 and 5. The magnitudes of the 
normalized field components which result from the 
summation given in (58) are shown in Fig. 4. Due to the 
tedious nature of this summation, calculations were 
made at @=60°, 75°, 90°, 105° and, of course, 9=0. As 
ka becomes small, the number of terms necessary for 
the convergence of the series becomes small: 7.e., for 
kaS5r, only 25 terms are necessary. The number of 
terms given by the I.N.A. results for the 6 dependence 
are sufficient. The Bessel functions for arguments of 
ka<5a were computed directly from the usual power 
series expansion.!” The fields given by (58) for ka =5r, 
37, and 7 at approximately 10° intervals in @ are shown 
in Fig. 5. 


APPENDIX 


To derive the orthogonality condition for the incom- 
plete 6 region as shown in (29), we follow the procedure 
given by Smythe.!8 Let P,”(x) =y and P,"(x) =y’ be 
two solutions of Legendre associated differential equa- 
tion such that 


P3 (Ho) = P,:™( Xo) = (62) 
Thus, we have 
dy dy 2 
ne, pe eA gE = = () (@e 
ae ax? si aaee E ay 1 — = 4 A 
and 
Dah d , m2 
ay yy, , 
— 4?) - = — ’Gg’ +1) - = (0), 
o Ons es = +| vo" ade 


17 Watson, op. cit., p. 15. , Le 
HONIG. 1 erie: “Static and Dynamic Electricity,” McGraw- 


Hill Book Co., New York, N. Y., second edition, p. 156. Also Ap- 
pendix D of Rep. No. UMM-87 of reference 3. 
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Fig. 5—Axially symmetric circumferential slot. 


Multiplying the first by y’ and the second by y and add- 
ing, we obtain 
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( dy ie zaN i i dy’ 
—| (1 — x) (y — + y—)] - 20 — #?) = — 
dx [ y dx 4 ax dx dx 


/ 


MBE 
EEO! ES aM Sg 20 sO 


a2, 
ye 


(64) 


Integrating both sides of (3) from xo to 1, and we get 


1 Rs: m dP, m m*P yr m P. m 
{ ja 4) ==> — dx 
29 dx dx 


1 — x? 
= +1)+vy+ | 


Vv 


1 
f Pe, ak (65) 


0 


From the results of footnote 18, the right side of (4) van- 
ishes if vy’ xv. Thus if v’ =v, the left side of (4) becomes 


{ 1 la 2 (—) i m? (P | ’ 
x wine x 
xo dx 1 4 x 
~ 1 oP,” dP.” 
ust |), ¢ jf. nt)| - - | (66) 
Ov OX J2=2 
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for P,™(x%o) =0 and 


1 dP, m\ 2 m 
iL E = “7) (<=) + a said dx 
2 dx 1— x? 


i v(v + 1)(1 — 202) ew P29) (67) 


2v+ 1 Oxdv 
for 
ieee = 0. 
dx Be : 
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Analysis of a Terminated-Waveguide Slot Antenna 
by an Equivalent Circuit Method* 
L. B. FELSEN} 


Summary—tThe pattern in a half-space of a slot in the wall of a 
waveguide is a function of the terminating impedance. The descrip- 
tion of the far fields in such a configuration is simplified considerably 
by the adoption of a network viewpoint, whereby the half-space is 
represented approximately by two (or more) spherical transmission 
lines, the feeding waveguide by a single uniform transmission line, 
and the slot by a coupling network which is directly analogous to that 
for a hybrid junction. For a given waveguide termination, the spheri- 
cal mode voltages are computed by a simple network calculation, and 
the gain pattern is obtained by modal synthesis. The slot equivalent 
circuit parameters are obtained readily by simple measurements or 
from available theoretical formulas. Described in detail both theo- 
retically and experimentally is a symmetric rectangular slot cut in 
either the broad or narrow face of a rectangular waveguide. 


Il. INTRODUCTION 
es TERMINATED-WAVEGUIDE slot 


an- 
tenna consists of a slot cut in the wall of a wave- 
guide terminated in a known impedance. The slot 
field and therefore the gain pattern of this configuration 


* Manuscript received by the PGAP, February 20, 1955; revised 
manuscript received September 26, 1955. The contents of this paper 
were presented at the [RE National Convention in New York, N. Y. 
in March, 1954. 

+ Polytechnic Inst. of Brooklyn, Brooklyn 1, N. Y. 
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is a function of the waveguide termination and may 
change markedly for different impedance values. Since 
the determination of the slot field is usually an ex- 
tremely difficult task, it is desirable to employ a tech- 
nique which enables one to find the radiated field with- 
out a detailed knowledge of the slot field. If the slot 
radiates into a half-space; 7z.e., the slot is contained in an 
“infinite” baffle, the radiated fields are analyzed very 
conveniently in terms of spherical transmission line 
theory.! For many small aperture configurations, a 
single spherical transmission line suffices to represent 
approximately the far fields radiated from a slot ex- 
cited with symmetric and antisymmetric incident elec- 
tric fields, respectively, so that the half-space is repre- 
sented approximately by two spherical transmission 
lines, and the slot is viewed as a network coupling the 
waveguide with the half-space region. If the equivalent 
circuit parameters of the slot are known, the far spheri- 
cal mode voltages and currents for a given waveguide 


‘L. B, Felsen and N. Marcuvitz, “Slot coupling of rectangular 
a. sprees waveguides,” J. Appl. Phys., vol. 24, pp. 755-770; 
une, 3 
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excitation and termination may be computed by simple 
network calculations, and the radiated fields deter- 
mined directly by modal synthesis. 

The specific configurations considered here are sym- 
metric rectangular E plane and H plane slots radiating 
from the broad or narrow face of rectangular waveguide. 
The electromagnetic field analysis for these configura- 
tions has been carried out elsewhere? on the assumption 
that propagation in the half-space region is character- 
ized by two propagating spherical modes.?4 The cou- 
pling properties of the slot are represented by a lossless 
four terminal-pair equivalent network whose parame- 
ters, at suitable reference planes, may be expressed ap- 
proximately in terms of those of the lossy two terminal- 
pair equivalent circuit for the radiating slot when con- 
sidered as a dissipative element in the rectangular wave- 
guide. The parameters for the latter network are deter- 
mined either theoretically from a variational calcula- 
tion’ or from direct measurement in the feeding guide. 
From a knowledge of the slot equivalent circuit param- 
eters the pattern of the slot with a given termination 
is computed from a simple network calculation and 
subsequent modal synthesis as shown in Section B of 
the following part. 

For large slots two spherical modes are no longer 
adequate to characterize propagation in the half-space 
region, and additional modes are required. The rigorous 
treatment of these other modes implies the addition of 
a corresponding number of terminal pairs to the equiva- 
lent network which, though readily formulated, is no 
longer evaluated as simply as above. An approximation 
procedure employed in this case is described in Section 
C of the next Part. The complete procedure for com- 
puting the patterns of both £ plane and H plane slots is 
summarized in stepwise form in Part V. 


II. E PLANE SLOT 
A) The Coupling Slot Equivalent Circuit Parameters 


1) Four Terminal-Pair Equivalent Network; The 
E plane slot configuration is shown in Fig. 1, where the 
rectangular waveguide is assumed to propagate only 
the dominant (Hy) mode. If the slot is excited by 
two waves having identical electric field components 
E at the symmetric, “far” terminal planes 7; and 7» 
(Fig. 2), a magnetic wall (Htangentiai=0) exists at the 
z=0 plane; the corresponding slot field is shown ap- 
proximately in Fig. 3(a). For convenience, planes 7) 


2L. B. Felsen, “Analysis of a terminated-waveguide slot antenna 
by an equivalent circuit method,” Microwave Res. Inst., Polytechnic 
Instit. of Brooklyn, Rep. R-400-54, PIB-333; September, 1954, 

3 M. Toran, “Spherical mode representation of far fields,” M.E.E. 
Thesis, Polytechnic Inst. of Brooklyn; June, 1953. 

4 Felsen and Marcuvitz, op. cit., Sec. III. ; 

5 A. A. Oliner, et al., “Equivalent circuits for slots in rectangular 
waveguide,” Microwave Res. Inst., Polytechnic Inst. of Brooklyn; 
August, 1951. Sections on E plane radiating slots. Material on H 
plane slots is in preparation. 
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Fig. 1—Slot structure and orientation of coordi 
nates for E plane slot. 
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Fig. 2—E plane slot structure (side view) and terminal 
plane locations. 


and 7» are chosen a “large” integral number of guide 
wavelengths away from the symmetry plane. It is 
seen from the symmetry of the slot field configura- 
tion that the fields radiated into the half-space region 
resemble those due to a radiating electric dipole placed 
perpendicularly to the infinite plane at the slot center 
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Fig. 3—Symmetrically excited slot (EZ plane); (a) slot electric field, 
(b) equivalent source. 


as in Fig. 3(b). For anti-symmetric electric field excita- 
tion of the slot an electric wall (Etangential =9) exists at 
the z=0 plane; the approximate form of the slot field is 
shown in Fig. 4(a). The radiated field behaves essen- 
tially like the field of a magnetic dipole lying in the slot 
plane and directed perpendicular to the electric field 
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lines shown in Fig. 4(b). The electric and magnetic 
dipole modes suffice to adequately represent the far 
fields radiated by a symmetrically and anti-symmetri- 
cally excited small slot, respectively.*+ 

Since the slot, for a given waveguide termination, 
can be represented as a superposition of symmetric and 
anti-symmetric field excitations, propagation in the 
half-space region may be approximated in terms of the 
two above-mentioned basic, independent, propagating 
modes. To derive the parameters of the equivalent cir- 
cuit for the slot, the electric and magnetic fields on each 
side of the slot are represented in terms of a complete 
set of vector modes, whose amplitude coefficients (for 
each mode) satisfy transmission line equations and can 
be interpreted as transmission line voltages and cur- 
rents. The relationship between the mode voltages and 
currents at the “far” terminal planes shown in Fig. 2 is 
expressed in terms of an equivalent network for the slot.” 


—_ > 
= rari 
eS — 
>_> 
ihe = O PLANE X% = O PLANE 


(a} 


MAGNETIC 
CURRENTS 


(b) 


Fig. 4—Anti-symmetrically excited slot (E plane); (a) slot electric 
field, (b) equivalent source. 


Let V3, J3 denote the spherical E (vertical electric 
dipole) mode voltage and current at the far terminal 
plane 73, and V4, J, the spherical H (tangential mag- 
netic dipole) mode voltage and current at the far ter- 
minal plane 74; then the equivalent circuit for the slot 
structure in Fig. 2 is that shown schematically in Fig. 5. 
The network terminal pairs 73 and 7, in Fig. 5 have 
been chosen to coincide at the single hemispheric ter- 
minal surface (73, 74) in Fig. 2. The uniform transmission 
lines are characterized by the dominant (rectangular 
guide) mode propagation constant x and the character- 
istic admittance Y. Since the spherical transmission 
lines are situated in a “far” region, their characteristics 
become identical with those of uniform transmission 
lines in free space, except that 7 is still the propagation 
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direction;® thus, their propagation constants and char- 
acteristic admittances are equal to the free-space values 
k and n= (e/u)!”, respectively. Since the physical struc- 
ture is nondissipative and all major propagating modes 
have been explicitly considered, the equivalent circuit 
is approximately reactive. 


SPHERICAL 
TRANSMISSION 
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UNIFORM 
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Fig. 5—Network equivalent of slot structure. 


In view of the symmetry of the configuration about 
the z=0 plane, the far fields satisfy certain symmetry 
requirements. Expressed in terms of voltage-current 
relations on the equivalent network the symmetry re- 
quirements are the following: 1) symmetric voltage 
(anti-symmetric current) excitation at ports 7; and JT» 
excites only port 73 (Fig. 3); 2) anti-symmetric voltage 
(symmetric current) excitation at ports 7; and T> ex- 
cites only port 7, (Fig. 4); 3) when identical termina- 
tions are placed at ports 7, and 7», excitation at port 
T, does not couple to 73, and vice versa. Thus the 
structure behaves like a hybrid junction. It can be 
shown from field-theoretic considerations? that the half 


Fig. 6—Approximate network representation. 


structures resulting from open and short circuit bisec- 
tion at the symmetry plane are approximately series 
and shunt, respectively, provided that 7»>=(q¢+1/4)A, 
where g is a large integer and ) is the free-space wave- 
length. Thus, the over-all approximate equivalent circuit 
is that given in Fig. 6. 


6 Felsen and Marcuvitz, op. cit., Eqs. (2.14). 
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2) Relationship with the Two-Terminal Pair Equiva- 
lent Circuit for the Slot; When the slot radiates into an 
empty half-space region, impedances equal to the 
characteristic impedance ((=1/u/e=1/n) of free space 
are connected to terminal pairs 73 and 7) of the equiva- 
lent circuit in Fig. 6 to yield a bridged Tee network, 
which may alternatively be expressed as the admit- 
tance Pi circuit in Fig. 7. (A Pi circuit rather than a 


Fig. 7—Two terminal-pair Pi network for radiating slot. 


Tee circuit is chosen since a narrow slot (b’ small) be- 
haves like a series network so that the shunt admit- 
tances are very small.) The equivalent four terminal- 
pair circuit for the slot is approximately lossless; 1.e., 
the elements Z,; and Z» are pure reactances, and ,; and 
nm, are real. Since both circuits contain four independent 
elements it is possible to express the parameter values 
of one in terms of those of the other. One obtains (let- 
ting 21,2 =JjX1,2): 


Cine 
UBD Res ) 
Zier 
We, 2 
ny ==” eed oes ae | 
¢ Ga ate 26%, 
—1 
= Be + DB. 
a 
XxX! =F mee 3 xi); (1) 
where 
C/Z = N/Xy, A, = guide wavelength, 
G,’ Bi 
RR, = ——— > X/ = - ——— (2) 
Ger aaBa? Grebo 


and the primes on the impedance (admittance) param- 
eters denote normalization with respect to the char- 
acteristic impedance Z (admittance Y) of the rectangular 
waveguide. The algebraic sign of m and m2 can be de- 
termined from a field analysis. The circuit in Fig. 7 
represents the radiating slot when viewed as a lossy 
transmission structure in the waveguide; its equivalent 
circuit elements can be measured readily by any of the 
techniques applicable to the measurement of dissipative 
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microwave fourpoles. Thus, it is possible to determine 
the parameters of the four-terminal pair network cou- 
pling the waveguide and half-space regions from simple 
measurements carried out entirely within the waveguide, 
without the need of special terminations in the half- 
space region. Variational expressions for the circuit 
elements in Figs. 6 and 7 have been obtained;? explic- 
it formulas for the latter are available.° 


B) Computation of the Pattern 


Consider an incident wave at terminal plane 7) in 
the rectangular waveguide (see Fig. 2), with specified 
terminations at terminal planes 7», 73, 74. Although we 
consider here only radiation into an empty half-space 
region, other terminations which do not generate addi- 
tional modes can be treated as well. Such terminations 
comprise hemispheric shells of uniform composition 
centered about the slot so that the problems of ra- 
diation into a hemispheric cavity, or through one or 
more dielectric shells are readily solved. The input im- 
pedance of such configurations at terminals 73 and 7, 
is determined from spherical transmission line theory 
which, in this “far” range, reduces to ordinary uniform 
transmission line manipulations.” With a specified ex- 
citation at terminal pair 7; and specified terminations 
at terminal pairs JT», T3, and 7, in Fig. 6, the currents 
I; and J, flowing into terminals 73 and 74, respectively, 
are computed by ordinary network methods. The re- 
sulting network configuration is shown in Fig. 8, where 
Z;* represents the termination at the 7th terminal pair. 
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Fig. 8—Final network problem. 


Assuming a matched power source, the strength of the 
equivalent generator v is equal to 2 Vine, where Vine is 
the known amplitude of the incident wave. The deter- 
mination of the voltages and currents at the terminals 
of the network completes the problem of modal analysis. 


™N. Marcuvitz, “Waveguide Handbook,” McGraw-Hill Book 
Co., New York, N. Y., Secs. 1.8 and 2.8; 1951. 

8 L. B. Felsen, “Spherical transmission line theory,” Rep. R-253- 
51, PIB-194, Microwave Res. Inst., Polytechnic Inst. of Brooklyn, 
Sec. II-B; January, 1952. 
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The far fields radiated into the half space are com- 
puted directly by modal synthesis. Since only two 
modes are assumed to propagate, one obtains the fol- 
lowing approximate far magnetic field representation :° 


rH(r) = I3(r)h3(0, &) + Ia(r)ha(O, ®). (3) 


The mode functions in (3) are transverse to r; their de- 
tailed evaluation depends on the choice of coordinate 
orientation in the half space. If the y axis in Fig. 1 is 
chosen as the polar axis of the spherical coordinate 
system, the electric dipole mode function is given by?!° 


ie 
h3(8, ®) — hoe (9, ®) = = sin 0 PD, (4) 
Tv 


while the magnetic dipole mode function is 


hi(0, &) = hy.’(0, &) 


t3: 
= \/ = (8) cos@cos ® — Myosin @). = (5) 
TT 


The single and double primes on the mode functions 
denote E and H mode quantities, respectively, while 
6) and ®) are unit vectors in the @ and @ directions. The 
® coordinate is measured in the y=0 plane from the 
positive x axis. The far mode current J3(7) is related to 
its value at the terminal plane 7» by 


I;(r) = I3[cos k(r — ro) — jnZs? sin k(r — r0)], r > ro. (6) 


A similar expression applies to J4(r). 

Ifthe slot radiates into an empty half-space region, 
the values of Z347 become equal to ¢=1/y, and (6) 
yields a traveling wave. For this case, the far field be- 


comes: 
at) 
——_ v —— 
Aq v 


T3 
{0 cos 6 cos ® + Bp (= sin 6 — sin ») |. (7) 


4 
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The manner in which (7) is written permits a convenient 
identification of the terms. For any fixed load Z.7, the 
magnitude of the factors outside the square brackets is 
constant so that the gain pattern is given by the mag- 
nitude of the expression in the square brackets. If the 
power level relative to the incident wave is required as 
well, the magnitude of (J,/v) must be computed; this is 
readily accomplished in terms of the network in Fig. 8. 
The magnitude of the expression inside the braces de- 
pends only on the strength of the generator and is of no 
interest. Thus, the pattern function of the slot is the 
following: 


9 Felsen and Marcuvitz, op. cit., Eq. (3.7). 

10 L, B. Felsen, “A spherical transmission line approach to the cal- 
culation of radiation conductances,” Microwave Res. Inst., Poly- 
technic Inst. of Brooklyn, Rep. R-281-52, PIB-220, pp. 16-17; Oc- 
tober, 1952. 
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G = |[ ]|? ~ cos? @ cos? & + sin? & 


2 T: 
sin? @ — 2sin@sin ® Re Fae (8) 


4 


Is 
+ |— 
Is 


where Re denotes “the real part of.” G is proportional 
to the squared magnitude of the far field. 

As mentioned above the ratios ([3/Js) and (J,/v) are 
computed directly from the network shown in Fig. 8. 
However, for the purpose of a discussion in the next 
part it is convenient to express (J3/J,) for a given wave- 
guide termination in terms of properly superposed 
symmetric and anti-symmetric voltage excitations of 
the slot. Let 


Va 
V2 — 


VESEY tr, 
Ve ae Vis 


I,+1s, 


I= 14—I,, (9) 
where V,, Ja, and V;, I;, are anti-symmetric and sym- 
metric voltage and current excitations, respectively. 
With regard to the Pi circuit in Fig. 7 it is seen that the 
bisection admittances are the following: 


We S bos p 
v. = No v. = YA ob Vie Ver — Ga,b + 7Ba,>, (10) 
and one finds: 
a 14+ Z,/TY,' V 
quae nil /? =—~- (11) 


Visa late Ze 


Eq. (11) expresses the dependence of the equivalent 
symmetric and antisymmetric excitations on the ter- 
minating impedance. Upon applying symmetric and anti- 
symmetric excitations to the circuit in Fig. 6 (with 
terminations at 73and 74) one obtains the following re- 
lationship: 


Tet mu ee 
Be 5 (12) 
I, Ne Z; 


S5 
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Thus, the ratio (J3/J,4) appearing in (12) is a measure of 
the ratio of the symmetric and anti-symmetric voltage 
excitations and therefore of the induced symmetric and 
anti-symmetric slot fields. 

A slot of the type shown in Fig. 1 is principally a 
series slot (especially when 0’ is small) so that the value 
of Y,’ is usually small. Thus, the value of (I3/J4) given 
in (11-12) is generally small so that the gain pattern 
as expressed by (8) is essentially that of a magnetic 
dipole. However, for large values of Z:'7, the ratio 
(I3/Is) can become appreciable and corresponding dis- 
tortion of the magnetic dipole pattern is to be expected. 
This distorting effect is particularly noticeable if Z./7 
is chosen as a large reactance, as is verified by the ex- 
perimental measurements (see Part IV). 
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Since Y,' is usually a small parameter (masked out 
by the larger parameter Y;,’), its experimental deter- 
mination is often inaccurate. Therefore, it is usually 
desirable to compute R,’ required for the evaluation of 
m2 from an approximate theoretical formula which has 
been obtained previously :!! 
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where a=a'/a, a and b are the dimensions of the wave- 


guide, a’ and 0’ are the slot dimensions, \, is the guide 
wavelength, and k=27/X. 
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C) Modifications for Larger Slots Radiating into a Half- 
Space 


The theory developed in the preceding sections is 
based on the assumption that two spherical modes 
suffice to adequately represent the far fields in the half- 
space region. For larger slots, the two-mode approxima- 
tion may no longer be accurate so that additional modes 
are required. Each additional mode adds another pair of 
terminals to the equivalent circuit. To avoid the com- 
plications inherent in the evaluation of the rigorously 
formulated equivalent circuit parameters, we resort to 
an approximation procedure. 

It was seen in the preceding section (12) that the ratio 
(I3/Is) is a measure of the ratio of the intensities of the 
symmetric and anti-symmetric slot fields. In the treat- 
ment of larger slots it is assumed that the ratio of the 
dominant (symmetric and anti-symmetric) mode cur- 
rents (I3/J,) is still given approximately by (12). How- 
ever, the fields radiated by the constituent slot fields are 
now represented in more detail. For a narrow slot (a’ 
large; see Fig. 1), the constituent slot fields and their 
equivalent magnetic currents are pictured approxi- 
mately in Figs. 3(b) and 4(b). The anti-symmetrically 


(14) 


U Felsen, ibid., Eq. (65). 
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excited slot still produces the tangential magnetic di- 
pole mode (//;;) as the dominant mode. Although the 
larger extent of the source requires additional modes 
for a more detailed description (the higher modes are: 
Finn, m odd, n odd; Emn, m odd, n even),!° the dominant 
mode alone may be retained for a first-order description. 
However, the induced magnetic currents for the sym- 
metrically excited slot are no longer approximately 
circular as for a small slot (circular magnetic currents 
excite the vertical electric dipole mode (E£o;) as the 
dominant mode). Instead they may be characterized 
by dipoles directed oppositely in pairs [see Fig. 3(b) | 
which excite two significant modes: Eo; and HA.!° 
Thus, a more realistic description includes both the 
Eo. and Hy»: modes for the representation of the fields 
radiated by the symmetrically excited slot. 

Upon taking into account three propagating modes 
as described above, the following approximate far field 
representation is obtained: 


I3(r) 

1) 

To9!"(r) 
I3(r) 


rH(r) ~ I,(r) {int ®) + 


[aw oe hu’, » | as 


If it is assumed that the ratio [3/J,=IJ3(r)/J4(7) is still 
given by (12), (15) differs from (7) only in that the 
factor multiplying (J3/J4) represents a more detailed de- 
scription of the radiation from the symmetrically ex- 
cited slot. On that basis, the ratio I22’’(r)/I3(r) can be 
computed approximately by assuming an appropriate 
symmetric constituent slot field. A calculation of this 
type has been carried out previously for the purpose of 
determining the value of the parameter R, [see Fig. 
7(b)| which is a function of the real power radiated by 
the symmetrically excited slot. It was found that (note: 
I3=TIo1' =] Vor’; Los" ==) Vo0"") oa 


To9/"(r) V22'"(r) Ihogs E 


ACU AC ee 


(16) 


where D and E are given in (14). It is seen that for small 
slots (a’ and b’-0), the ratio in (16) vanishes so that 
(15) goes over into (7). 

The Ho». vector mode function is given by:!° 


hoo" (6, ®) ~ hioo9' (0, ®) 
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Thus, the gain pattern function becomes: 


2 Thid., Eqs. (59) and (62). 
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Fig. 9—Physical structure and choice of coordinates 
(7 plane slot). 
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A) Derivation of the Coupling Slot Equivalent Circuit 
Parameters 


The physical configuration in this case is shown in 
Fig. 9. A rectangular slot of dimensions a’ Xb’ is located 
symmetrically in the narrow face of a rectangular wave- 
guide (“zero thickness” wall) and radiates into a half- 
space region. The field analysis proceeds as for the E 
plane slot except for a difference in the two dominant 
modes which describe the behavior of the far fields. 
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Fig. 10—Location of terminal planes (H plane slot). 


The approximate constituent slot fields induced by 
symmetric and anti-symmetric electric field excitation 
of the slot at terminal planes JT, and T> in Fig. 10 are 
shown in Figs. 11 and 12; the dominant modes excited 
in the half-space by these magnetic current distribu- 
tions are Ho, (magnetic dipole mode) and Ay. (axial 
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magnetic quadrupole mode), respectively, if the z 
axis in Fig. 9 is chosen as the polar axis of the spherical 
coordinate system. The reference planes 73 and 7 in 
Fig. 10 have been chosen so as to make the field formu- 
lation in this problem identical with that for the E 
plane slot and thus permit directly the utilization of the 
equivalent circuit derived in Section II. Moreover, the 
subscripts 3 and 4 refer, as in the E plane case, to the 
modes excited by symmetric and anti-symmetric elec- 
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Fig. 11—Symmetrically excited slot (7 plane). 
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Fig. 12—Anti-symmetrically excited slot (H plane). 


tric field excitation of the slot, respectively. It is to be 
noted in this connection that the magnetic dipole mode 
now carries the subscript 3 while for the E plane slot it 
carried the subscript 4. If the terminal plane 73 is 
located at a radius 


ro = md, m = large integer, (19) 


the theoretical analysis proceeds exactly as in the E 
plane case, and the approximate equivalent circuit is 
that shown in Fig. 6. In relating the parameters of the 
(lossless) four terminal-pair equivalent circuit to those 
of the two terminal-pair network obtained when the 
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Fig. 13—Two terminal-pair Tee network for H plane 
radiating slot. 


slot is viewed as a lossy (radiating) structure in the 
rectangular waveguide, it is convenient to use not the 
Pi network shown in Fig. 7 but the Tee network shown 
in Fig. 13, since the H plane slot is essentially shunt 
so that the series impedances of the Tee are small. 
(The ~ serve to designate H plane slot quantities.) 
The network parameters in Figs. 6 and 13 are related 
as follows: 
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The primes denote normalization with respect to the 
characteristic impedance (admittance) of the rectangu- 
lar waveguide. The two terminal-pair equivalent circuit 
parameters for the slot are readily determined from 
measurements within the rectangular waveguide. A 
theoretical evaluation of these parameters via a varia- 
tional procedure is also available.® 


B) Computation of the Pattern 


As for the £& plane slot, the network in Fig. 8 is em- 
ployed to calculate the mode currents [3 and I, ap- 
propriate to the H plane slot radiating into the empty 
half-space region (provided that all parameters are re- 
placed by their ~ values). The far radiated magnetic 
field is given approximately by: 


if 
rH(r) = [ye7iko—r0!) (au, ’) — = ha, »), (22) 
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Lo 
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ch ibeiees 
h,(6, ®) = hos’’(8, ®) = —4/ = sin 20. (24) 
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where in this case 


h;(6, &) (23) 


Since the zg axis in Fig. 9 has been chosen as the polar 
axis of the spherical coordinate system the mode func- 
tions foy’’ and Ap’’, characteristic of magnetic dipoles 
directed along the z axis, are independent of the ® co- 
ordinate which is measured in the xy plane. This azi- 
muthal symmetry about the dipole axis, directly evi- 
dent from (23), is obscured in (5) because of the differ- 
ent choice of coordinates in the E plane slot problem. 
One also notes the duality between the axial electric 
and magnetic dipole mode functions in (4) and (23), re- 
spectively. 

Upon substituting (23) and (24) into (22) and taking 
the square of the magnitude of the result, one obtains, 


for small slots: 
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By considerations analogous to those employed in 
Part II, Section B, it is readily found that 
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Since the H plane slot shown in Fig. 9 is essentially 
a shunt slot at centerline reference planes, Z,’ is usually 
a small quantity. Therefore, (/4//3) is usually small 
and the pattern in (26) is essentially that of a magnetic 
dipole in the slot plane. However, for very small values 
of Z,/7, the ratio (/4//;) may be appreciable and the 
quadrupole pattern becomes more pronounced (see Part 
IV). Since Z,’ is usually small and its experimental de- 
termination often inaccurate, it is again appropriate to 
employ an approximate theoretical formula for Ga’ 
which has been obtained previously :* 
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For longer slots commonly used in practice, the in- 
creased slot length is expected to effect principally the 
radiation pattern due to the current distribution in Fig. 
11. The next mode excited by this distribution is 


Ho3.44 The radiated field due to the three modes under 
consideration is given by: 
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As in the £ plane case we now make the simplifying 
assumption that (J4/J3) in (29) is still given by (27). The 
ratio of (1o3’’/I3) for an assumed cosine field in the slot 
has been calculated previously. Upon substituting the 
values for the vector mode functions and for (1o3'’/J3) 
into (29) one obtains the following gain pattern func- 
tion: 

rs = Is 

G = F* sin? 6 — ./5 Re (5) sin 8 sin 26 
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13 Thid., Eq. (80). 
M4 Felsen and Marcuvitz, op. cit., Section III. 
1 Tbid., Eqs. (3.10). 
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IV. EXPERIMENTAL VERIFICATION 


— 


To test the validity of the various approximations 
made in the preceding analysis, gain pattern measure- 
ments at \=3.2 cm were carried out in an anechoic 
chamber on several — plane and H plane slots termi- 
nated in a variable reactive load (variable short circuit). 
The slots were fitted into a 24 foot square copper sheet 
(intended to simulate an “infinite” baffle) which could 
be rotated through an angle of 180 degrees, and a sta- 
tionary rectangular horn served as a pickup. Slot di- 
mensions were chosen large enough so that an appreci- 
able amount of power was radiated for the entire range 
of reactive waveguide terminations. For the two E 
plane slots employed, relative dimensions and measured 
two-terminal pair equivalent circuit parameters were 
the following (a=0.900’’, b=0.400’’ throughout): 

Slot I: 


a’/\ =.714, 8'/A = .318 

Gy = .980, By,’ = .694 

Ri = 1.30, Xa! = 7.78 (32) 
Slot IT: 

a’/\ = .510, b'/A = .324 

G,’ = .816, By = .123 

R,! = .730, Xq = 6.26 (33) 


The values for R,’ are not experimental but computed 
from (13). With the network parameters as given by 
(32) and (33), the ratio of (J3/I4) is computed from 
(11, 12) with 2; and m2 given in (1), and Z2’7 =] tan @, 
yg =27l/),, appropriate to a perfect short-circuit located 
a distance / from the terminal plane 7». The ratio 
(Ie2'’/T3) is calculated from (16), and the gain pattern is 
then obtained from (18). The calculations were carried 
out for the two mutually perpendicular planes ®=0, 7, 
and @= +7/2, in which measurements were taken. 
Graphs of the measured and calculated gain patterns 
for slot I are shown in Fig. 14 for various short-circuit 
locations, g. The plots are carried out over an intensity 
range from 0 db to —10 db, where the maximum level 
in any particular pattern is taken as the 0 db point. 
In view of the weak power source employed, readings 
could not be taken below the —10 db level for most of 
the patterns considered. It is seen that the theoretical 
curves predict the essential pattern behavior quite well 
over the entire range of short-circuit settings. In the 
critical region g¢~90° where the pattern is critically 
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affected by small changes in ¢, the computed pattern 
leads the experimental pattern by approximately 5° in 
y; 1.e., the theoretical pattern at p=90°, for example, 
represents rather closely measured pattern at g=95° etc. 

The relative power levels of the various gain patterns 
were also computed on the assumption of a matched 
generator as in Fig, 8. This entails the determination of 
(I,/v), [see (7) ], with v taken as constant. The com- 
puted and measured maximum power levels for various 
gain patterns showed similar variations, but differed in 
actual magnitude by a maximum of 2 db in the critical 
region ¢~90°. 

The agreement between computed and measured 
gain patterns for slot II in (33) was similar to that ob- 
tained for slot I. Since the patterns for the two slots are 
almost alike the comparison between theory and ex- 
periment is not given for slot II. 

Gain pattern measurements were also carried out on 
an H plane slot with relative dimensions a’/A\=.714, 
b’/N=.202 (see Fig. 9). As for the £ plane slot, a vari- 
able short-circuit was employed to yield a series of re- 
active waveguide terminations. Patterns measured in 
the x =0 plane are plotted in Fig. 15 (page 26), and are 
compared with patterns calculated from (30). It is seen 
again that reasonable agreement prevails throughout 
but is poorest in the critical region where the output 
impedance is very small; 7.e., tan g~0. In this region, 
the calculated pattern appears to lag the measured pat- 
tern by about 5° in g. The patterns in the z=0 plane 
(Fig. 11) were also measured but are not plotted here 
since they agreed with the theoretically predicted 
(® independent) constant value. 

Measurements were also taken on several smaller 
slots and yielded patterns analogous to those shown in 
Figs. 14 and 15. A complete check with the theory was 
not possible for those slots since the power level of the 
patterns in the critical region was too small to be meas- 
ured with the equipment employed in the experiments. 


V. STEPWISE PROCEDURE FOR CALCULATING 
PATTERNS 


A) E plane Slot 


1) Obtain the equivalent circuit parameters in Fig. 
7 either from measurement or from theory.® 

2) Compute (1/m2) from (1), and (J3/Js) from (11, 
12), for the specified output terminating imped- 
ance Z,’7 (all primes indicate normalized param- 
eters). Note: A theoretical expression for R,’ 
given in (13) is appropriate when the measured 
values of Y,’ are not reliable. 

3) Compute the gain pattern for a small slot from 
(8). If the a’ dimension of the slot is large, the 
modified expression (18) is employed, with 
(I22’'/Is3) computed from (16). 


B) H plane Slot 


1) Obtain the equivalent circuit parameters in Fig. 
13 from measurement. 
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. 14—E plane slot radiation patterns (relative power plots). ¢=electrical length in degrees from slot symmetry p t rcuit 

ee a Q.=pattern in b=—7/2 plane; Q2=pattern in 6=+7/2 plane; P=pattern in 6=0, 7 plane; - =experimental points; 
—=theoretical curve. Each graph extends over a power range from 0 to —10 db. 
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t = 10°  - 20° f = 90° 


f = 140° 
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f = 165° # = 170° = 180° 
Fig. 15—d plane slot radiation patterns. ¢=electrical length in degrees from slot symmetry plane to short circuit termination; - =experi- 
mental points; -=theoretical curve. Each graph extends over a power range from 0 to —10 db. 
2) Compute (#2/%1) from (20), and (11/3) from (27(, ACKNOWLEDGMENT 
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in (28) is appropriate when the measured values qj, Force Cambridge Research Center. 
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_An Experimental Study of the Disk- 
Loaded Folded Monopole* 


E. W. SEELEY} 


Summary—Data is presented to show the reduction in size and 
increase in radiation resistance and bandwidth of the disk-loaded 
folded monopole as compared with a disk-loaded monopole of the 
same electrical length. The ratio of diameters of the folded part to 
the diameter of the driven part was varied for one series of imped- 
ance measurements and the axial spacing between the driven part 
and folded part was varied for another series. The resonant radia- 
tion resistance and resonant length may be varied almost independ- 
ently. The radiation resistance depends upon the ratio of diameter 
of the folded part to the diameter of the driven part, and the resonant 
length depends upon axial spacing. The radiation resistance multi- 
plication factor relative to a disk-loaded monopole of the same elec- 
trical length is approximately the same as the multiplication factor of 
a folded dipole relative to a dipole. The disk-loaded foided monopole 
has a greater bandwidth than an unloaded monopole of the same 
wavelength-to-diameter ratio. Where the effective diameter! of the 
folded antenna is \/2D,S, its radiation pattern is essentially that of 
an unloaded monopole. 


I saciation and Webb? show the extent to which 


radiation resistance and resonant length are 

reduced by disk loading a monopole. Guertler® 
has shown that the radiation resistance of a dipole can 
be increased considerably by folding. Disk loading and 
folding may be combined to produce a short, broad- 
band antenna with high radiation resistance. Curves 
are presented that may be used to design the disk- 
loaded folded monopole for specific applications. Only 
the second resonance characteristics of this antenna are 
presented. 

Impedance measurements were made on the disk- 
loaded folded monopole shown in Fig. 1, at frequencies 
from 200 mc to 300 mc, using a ground screen fifty feet 
in diameter. Two physical parameters, D;/Da and S, 
were varied for several sets of impedance vs frequency. 
Figs. 2 and 3 (next page) show effect of varying D;/Da 
and S upon second resonance and upon radiation re- 
sistance. Disk-loaded folded monopole does not reso- 
nate in the vicinity of itssecond natural frequency when 
D;/Da>7 and S=2.5 inches, as its self impedance is 
predominately inductive. One general rule emerged 
from these measurements: vary the axial spacing to 
change resonant frequency and vary D,/Da to change 
radiation resistance. 

The ratio of the radiation resistances of the disk- 
loaded folded monopole and the disk-load monopole of 

* Manuscript received by the PGAP, May 23, 1955; revised man- 
uscript received August 19, 1955. 

+ Naval Ordnance Lab., Corona, Calif. 

1S, A. Schelkunoff, “Antennas, Theory and Practice,” John Wiley 
and Sons Inc., New York; 1952. 

2R. C. Raymond and W. Webb, “Radiation resistance of loaded 
antennas,” J. Appl. Phys., vol. 20, pp. 328-330; April, 1949. 


3R. Guertler, “Impedance transformation in folded dipoles,” 
Proc. IRE, vol. 38, pp. 1042-1047; September, 1950. 
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Fig. 1—Disk-loaded folded monopole. 


equal length is shown in Fig. 4. The dashed curve is a 
plot of Guertler’s equation for the ratio of resonant re- 
sistances of folded to unfolded dipoles.‘ 

The disk-loaded folded monopole has a greater band- 
width than an unloaded dipole of the same wavelength 
to-diameter ratio. Fig. 5 shows the vswr for D;/Da=1 
and S=2.5 inches when antenna was fed with a 50Q line 
and generator. Dashed line indicates vswr for which an- 
tenna accepts 50 per cent of power from a 50 line. 

As reported by Hill,® the radiation pattern of the disk- 
loaded folded monopole is essentially that of an un- 
loaded monopole. 


CONCLUSION 


The disk-loaded folded monopole has more desirable 
characteristics than the disk-loaded monopole or the 
unloaded monopole. The resonant radiation resistance 
may be varied over a wide range by changing D;/Da 
without the aid of a matching network. The resonant 
length is two and a half times shorter than a monopole 
with the same wavelength-to-diameter ratio. The band- 
width is greater than that of a comparable monopole 
and many times greater than a disk-loaded monopole 
the same length and the bandwidth increases with 
D;/Da. The disk-loaded folded monopole is a small 
electromagnetic radiator whose electrical characteristics 
have not been deteriorated by shortening and loading. 
On the contrary, its electrical characteristics improved. 


4R. Guertler, zbid. 
5 E. G. Hill, “VHF antenna for trains,” Electronics, vol. 19, pp. 
134-136; November, 1946. 
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Some Data for the Design of Electromagnetic Horns* 
E. H. BRAUN} 


Summary—Using an idea recently suggested by the author,! a 
table is presented from which the gain of all electromagnetic horns 
may be calculated with substantially the same accuracy obtainable 
using the gain formula. 

The exact parameters of an optimum horn are given, and a simple 
procedure for the design of optimum horns with a specified gain and 
other desirable properties is described. 


extending the range and improving the accuracy 

of published curves for the gain of electromagnetic 
horns.! It has been found, however, that the curves 
which are available still leave something to be desired 
in the way of either accuracy or range, or both. Actually, 
the above method makes it unnecessary to plot a family 
of curves for various slant heights; only one curve is re- 
quired to calculate the gain of all horns. Such a curve 
has recently been accurately computed by machine for 
lz and Jy =50X, and gain figures obtained from it agree 
with those calculated from the formula within about 
0.01 db. Such a curve obviates the necessity for ever 
using the formula. 

Rather than reproduce this curve on a scale large 
enough to be read conveniently, it is felt that for publi- 
cation purposes it would be simpler to present a table 
listing gain vs (adjusted) aperture dimensions (Tables I 
and II on the next page). Linear interpolation of the 
aperture dimension will result in negligible error. 

The tables are used as indicated below. 


IP contiog the author described a method for 


For PYRAMIDAL HorRNS 


Let the H-plane and E-plane aperture dimensions 
and slant heights of the horn (1m wavelengths) be a, b, 
lz, and lz, respectively. (See Fig. 1.) 

1) Calculate 


= = 
A= a4/— B=b 
. lx 


2) Look up Gy and Gz in the tables for these par- 
ticular values of A and B, respectively. 
3) Calculate 


GrGy hal GrGuy 
pe 5000/50: 50. /50 
10.1859 — — 
T lx ly ly lz 


This is the actual gain of the horn. 


* Manuscript received by the PGAP, August 2, 1955. 

{+ Microwave Antennas and Components Branch, Electronics 
Div., Naval Research Lab., Washington 25, D. C. 

1, H. Braun, “Gain of electromagnetic horns,” Proc. IRE, vol. 
41, pp. 109-115; January, 1953. 


If the values of either A or B or both come out smaller 
than 2, then simply substitute (32/m)A and/or (32/7)B 
for Gy and/or Gz, respectively, in the formula for g. 

The gain of sectoral horns is obtained in a similar way. 


Fig. 1—Physical dimensions for calculating the gain. 


For H-PLANE SECTORAL HORNS 


1) Calculate 
Vi, 
A — a; =i ee hl 
ln 


2) Look up Gy in the H-plane table for this value of A. 
3) Calculate 


la 


This is the actual gain of the horn. 


For E-PLANE SECTORAL HORNS 
1) Calculate 


50 
B=6 4/ se Pf 
ly 
2) Look up Gz in the #-plane table for this value of B. 
3) Calculate 


ee 


This is the actual gain of the horn. 
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Gy AS A FUNCTION OF H-PLANE APERTURE DIMENSION “A” 


TABLE I 
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The following is a procedure for designing 
having these four properties: 


It is an optimum? horn. 
It has approximately equal (half-power) E- and 
H-plane beamwidths. 
It has a specified gain g. 
It fits whatever waveguide is chosen in a simple 


butt joint. 


a horn 


tions are (in wavelengths) 3 


a 


le 


la 


where a and 8, and ly 


2 An optimum horn has aperture dimensions chosen to give maxi- 
mum gain when the slant height is held fixed. 


= 0.468./¢ 
= 0.346./g 
= 0.0576 g 
= 0.0689 g 


The exact dimensions fulfilling the first three condi- 


and Jz, are the H-plane and E- 


* All dimensions in this paper are in wavelengths. 
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plane aperture dimensions and slant heights, respec- 
tively, all I1.D. (See Fig. 1.) 

However, if it is desired to have all sides of the horn 
meet the waveguide in a common plane, at least one 
dimension, say /y, must be altered somewhat from the 
optimum value. This results in a horn having a gain 
which differs by a few tenths of a db from the original 
desired value. Hence two procedures aregiven, depend- 
ing on whether or not the designer is willing to accept 
the few tenths of a db difference. In any case it should 
be emphasized that exact value of gain of final horn, as 
computed from Schelkunoff’s curves, will be known. 
This theoretical gain should in turn be within about 4 db 
of true gain, and in most cases, considerably closer. 


Procedure (A): (Designer willing to accept small differ- 
ence in gain) 


1) Calculate 


a = 0.4684/g 
b = 0.346./g 
lz = 0.0576 


eG) Ils |e Ca): 


wy and we are the H-plane and E-plane guide widths, 
respectively, both I.D. and in wavelengths. 

2) Calculate gain of this horn using above method. Its 
gain will differ only slightly from original desired gain, 
and it will fit the waveguide accurately. 
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Procedure (B): (Designer desiring closer approximation 
to original gain) 


1) Calculate 


Gd = 0.468./¢ 
b = 0.346./g 
ln = 0.0576 g 

b Sc 
¢ b : 
ly = — te 

= Or 

a 


2) Compute the gain of this horn as above. Call this 
gain gj. 
3) Calculate 


Pep 
70468) 
81 
ot 
Di s0546 es 
Egil 
2 
lz = 0.0576 = 
£1 


meres ded el) 


4) Calculate the gain of this horn, which will now be 
extremely close to the original desired gain, and will fit 
the waveguide accurately. 


Measured Performance of Matched Dielectric Lenses* 
Pe vay ONES, lo MORITA, AND.5S.; B; COHNT 


Summary—Two microwave lenses whose surfaces have been 
matched respectively by embedded capacitive walls and by simu- 
lated quarter-wave transformers were built and compared experi- 
mentally to an unmatched lens of identical aperture and focal length. 
At the design frequency, the matched lenses exhibited reductions 
in side-lobe level of 14 and 10 db with respect to the unmatched lens, 
and increases in over-all gain of 0.35 and 0.1 db. The input vswr of 
the feed horn was reduced from 1.6 for the unmatched case to 1.02 
and 1.05 for the matched cases. The bandwidth of good performance 
for the two lenses ranged from 16 per cent to at least 44 per cent. 


INTRODUCTION 


HE PERFORMANCE of dielectric lenses as mi- 
crowave focusing elements is seriously degraded 
unless reflections at the air, dielectric interfaces 


* Manuscript received by the PGAP, July 18, 1955. The work re- 
ported in this paper was made possible through support extended by 
the U. S. Signal Corps. ; 

+ Stanford Research Inst., Stanford, Calif. 


are cancelled. In a previous paper! a technique for 
cancelling surface reflections by means of reactive walls 
embedded within the dielectric was described. Surface 
reflections may also be cancelled by placing simulated 
quarter-wave transforming sections on the surface of 
the lens, as discussed by Morita and Cohn.? The theo- 
retical design information for these matching tech- 
niques was determined for plane dielectric, air inter- 
faces having plane waves incident upon them with ar- 
bitrary angles of incidence and polarization. Verification 
of the theory was originally obtained by waveguide 
measurements on small samples. 

In order to study experimentally the effectiveness of 
these matching techniques as applied to curved surfaces, 

1E. M. T. Jones and S. B. Cohn, “Surface matching of dielectric 
lenses,” Jour. Appl. Phys., vol. 26, pp. 452-457; April, 1955. 


2 T. Morita and S. B. Cohn, “Microwave lens matching by simu- 
lated quarter-wave transformers,” TRANS. IRE, vol. AP-3, this issue. 
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Fig. 1—Photograph of two matched dielectric lenses. The lens on the 
left is matched with capacitive walls while that on the right is 
matched with simulated quarter-wave transformers. 


three dielectric lenses were built to operate at X-band 
frequencies. These lenses were designed to mount in the 
12-inch aperture of an H-plane sectoral horn and to 
focus the cylindrical phase front of a wave propagating 
in the horn to a plane phase front at the mouth of the 
horn. Photographs of the two matched lenses are shown 
in Fig. 1. The lens matched with capacitive walls is 
shown at the left, while the lens matched with quarter- 
wave transformers is shown at the right. A photograph 
of the disassembled H-plane horn is shown in Fig. 2, 
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Fig. 2—Disassembled H plane test horn with the 
unmatched lens in place. 


with the unmatched lens in place. The rounded corners 
of the H-plane horn provide a low-reflection transition 
between the horn and feeding waveguide. A flared E- 
plane horn added in tandem with the H-plane horn 
provides a good match between the exit aperture of 
the H-plane horn and free space. 


EXPERIMENTAL RESULTS 


The radiation patterns of Fig. 3 taken at the design 
frequency of 9.40 rmc show the substantial reduction in 
side-lobe level obtained with the matched lenses. This 
improvement in side-lobe suppression is attributed to 
the fact that multiple reflections within the lens, and 
particularly between the curved surface of the lens 
and the walls of the H plane horn, are very small. Over 


DECIBELS 


40° 60°-60°-40° -20° 


-40° -20° 
UNMATCHED LENS 


OF (oy 


REACTIVE - WALL 
MATCHED LENS 


40° 60°-60°- 40° -20° 
SIMULATED + 
MATCHED LENS 


Fig. 3—Radiation patterns of an unmatched dielectric lens and two matched dielectric lenses. Patterns taken at 9.40 kmc, 
the design frequency of the matched lenses. : 
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a 16 per cent frequency band, the side-lobe level of the 
lens matched with the capacitive wall never exceeds —27 
db. On the other hand, the side-lobe level of the lens 
matched with the quarter-wave transformer is never 
greater than —25 db from at least 8.46 kmc to 12.22 
kmc. 

The vswr at the input to the H plane horn with no 
lens in place is less than 1.05 from at least 8.46 kmc to 
12.22 kmc. However, with the unmatched lens in place, 
it varies from 1.34 to 1.89 over the same frequency 
range. The input vswr with the reactive-wall matched 
lens in place is 1.02 at the design frequency and less 
than 1.20 over a 16 per cent frequency band. The input 
vswr of the quarter-wave-transformer matched lens is 
1.05 at the design frequency and less than 1.26 from at 
least 8.46 kmc to 12.22 kmc. 

Power gain measurements on these lenses show that 
at the design frequency the power gain of the quarter- 
wave-transformer matched lens and capacitive-wall 
matched lens increases by about 0.1 and 0.35 db respec- 
tively over that of the unmatched lens. The improve- 
ment in gain of the capacitive-wall matched lens is 
nearly that expected theoretically. 


DESIGN DETAILS 


The outer dimensions of the polystyrene lenses (re- 
fractive index 1.59) used in these experiments are: 
width 12 inches, thickness 3.5 inches and height 0.400 
inch. The focal length of the lenses is 9.0 inches and 
the outer contour of the curved surface is hyperbolic. 

The spacing of the capacitive wall inside the lens 
surface and the disk diameters were determined from 
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the data of Jones and Cohn.! Because the capacitive 
wall was composed of a square array of disks rather 
than the hexagonal one assumed,! the disk diameters 
were increased by the factor (2/4/3)¥/%=1.047 which 
may be shown theoretically to be the factor necessary 
to compensate for this change in geometry. The center- 
to-center spacing of the disks is 0.400 inch. On the 
flat side of the lens the disks have a diameter of 0.221 
inch and are embedded 0.283 inch. On the curved 
side of the lens the disk diameters vary from 0.221 
inch at the center to 0.277 inch at the edges, while 
their spacing from the lens surface at the center is 
0.283 inch and 0.325 inch at the edges. The disks 
were formed by spraying Metaplast 18-S silver paint 
through an appropriate mask on a lens cut to the proper 
contour. A layer of polystyrene glued over the disks in- 
creased the lens size to its proper dimensions. 

The dimensions of the simulated quarter-wave trans- 
forming sections were determined from the data of 
Morita and Cohn.? On the flat surface of the lens the 
depth of the corrugation is 0.196 inch while the tongue 
thickness is 0.231 inch. On the curved surface the 
depth of the corrugation varies from 0.196 inch at the 
center to 0.479 inch at the edges, while the thickness 
of the tongue varies from 0.231 inch at the center to 
0.179 inch at the edges. 


CONCLUSIONS 


The results of the measurements on the matched 
dielectric lenses show that either reactive walls or 
simulated quarter-wave transformers can greatly im- 
prove the performance of microwave dielectric lenses. 


Microwave Lens Matching by Simulated Quarter- 
Wave Transformers* 
T. MORITA} anv S. B. COHNt 


Summary—The reflections from the surface of a dielectric lens 
may be cancelled by a quarter-wavelength layer of refractive index 
intermediate between that of air and the lens medium. The possi- 
bility of simulating a quarter-wave matching section by perturbing 
the boundary of the lens is described in this paper. Some of the con- 
figurations considered are corrugated surfaces, arrays of dielectric 
cylinders, and arrays of holes in the dielectric surface. In each case, 
a match may be obtained at a given frequency and angle of incidence 
by the proper adjustment of the depth of the perturbation, and of one 
other parameter such as the width of a groove. 


* Manuscript received by the PGAP, July 18, 1955; revised man- 
uscript received October 1, 1955. } 
+ Stanford Research Inst., Stanford, Calif. 


INTRODUCTION 


EFLECTIONS from the surfaces of a dielectric 
R lens usually cause a decrease in the gain of the 
antenna system due to increases in side-lobe 

level and input standing-wave ratio. By the use of a 
reactive wall inside the surface of the lens, Jones and 
Cohn have shown that it is possible to cancel these 
surface reflections.! This paper considers an alternative 
method for cancelling these surface reflections that 


1, M. T. Jones and S. B. Cohn, “Surface matching of dielectric 
lenses,” J. Appl. Phys., vol. 26, pp. 452-457; April, 1955. 
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utilizes a quarter-wavelength layer of refractive index 
lying between one and n, where 7 is the refractive index 
of the lens medium. For normal incidence, the required 
value is exactly «/n, while for oblique incidence the de- 
pendence is more complex. Because of the unavailability 
of a satisfactory low-loss dielectric with correct re- 
fractive index, the quarter-wavelength matching layer 
has been simulated by perturbing the shape of the 
dielectric boundary.?~4 


i 


(oa) VERTICAL (b) 
CORRUGATIONS 


SS 


HORIZONTAL 
CORRUGATIONS 


(c) WAFFLE IRON 
SURFACE 


(d) ARRAY OF 
DIELECTRIC CYLINDERS 


(e) ARRAY OF HOLES 
IN DIELECTRIC 


Fig. 1—Simulated quarter-wave matching trans- 
former for lens surface. 


Fig. 1 shows the configurations that are considered 
in this paper. Formulas for the dimensional parameters 
of these perturbed surfaces are given, and in each case 
a match may be obtained at the desired frequency and 
angle of incidence by the proper adjustment of the 
depth of the perturbation and of one other parameter, 
such as the width of a groove. An.experimental investi- 
gation of these matching sheets was carried out in order 
to determine importance of approximations in the theo- 
retical analysis. Measurements reported here were made 
in waveguide, while in a companion paper measurements 
on an actual microwave lens are reported.® 

In the following analysis of the various matching 
sections, the mks system is used throughout. The char- 
acteristics of the matching sections are determined 


2D. W. Fry and G. K. Goward, “Aerials for Centimeter Wave- 
lengths,” Cambridge University Press, Cambridge, 1950; pp. 152- 
154, 

3 A. G. Fox, U.S. Patent 2,432,093 filed March 30, 1943. 

4R. H. Garnham, “Some methods of preventing the reflection of 
electromagnetic waves at the boundary between dielectrics,” T. R.E. 
Technical Note No. 131; August, 1951. 

®> E. M. T. Jones, T. Morita, and S. B. Cohn, “Experimental per- 
formance of matched dielectric lenses,” TRANS. IRE, vol. AP-3, this 
issue. 
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initially for a section of infinite depth, and it is assumed 
that the propagation constant and characteristic im- 
pedance thus obtained are valid for the quarter-wave 
sheet. All discontinuity effects at each boundary, other 
than the abrupt change in characteristic impedance, are 
neglected. The analysis is divided into the two cases of 
perpendicular and parallel polarization with respect to 
the plane of incidence. 


— ee ee we ee eee 
5 . 


Fig. 2—Infinite medium formed by images in guide wall. 


ANALYSIS OF PERTURBED SURFACES— 
PERPENDICULAR POLARIZATION 


Vertical Corrugations 


1) General Case: Consider the vertically corrugated 
surface of Fig. 2 inside a waveguide. The images in the 
conducting wall form an infinite sheet of vertical corru- 
gations of width 2d separated by a distance a/2—2d. 
The behavior of this structure inside the guide is equiva- 
lent to a TE wave incident on the infinite sheet at an 
angle 0,;=sin—! (A;/2a), where \1:=Ao/(€1)!”, Ao =free 
space wavelength, and «=relative dielectric constant 
of the first medium. In the dielectric region, the angle 
of transmission is given by 63;=sin7! (A3/2a), where 
3 =Ao/ (es)? and €3 is the relative dielectric constant of 
the dielectric medium. In order to prevent the infinite 
sheet of corrugations from exciting waves in directions 
other than 63, it is necessary that the center-to-center 
spacing 21 be such that a higher-order grating effect is 
not possible. The spacing is hence restricted by the 
relation 2/S)3/(1+ | sin 65| ). For polystyrene €3=2.55, 
and thus at least 13 corrugations must be present in the 
guide section, if analogy to the infinite sheet is to apply. 

The equation for the propagation constant in the 
corrugated region may be derived for the general case 
of m corrugations inside the guide by the application of 
transmission-line filter theory.6 Consider the half- 
section formed by dielectric and air slabs shown in Fig. 
3(b). Here 2d is the width of a single corrugation and 


_ ® Radio Research Laboratory Staff, “Very High Frequency Tech- 
niques,” McGraw-Hill Book Co., Inc., New York, N. Y., vol. 2; 
AP oi a S. B. Cohn, “Principles of transmission line filter design,” 
ch. 26. 
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(b) 


MATCHING 
SECTION 3 
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(a) 


Zo2 
€, 
MATCHING 
SECTION 


DIELECTRIC 


Pes os! 


Cc) 


Fig. 3—(a) Angle of incidence and transmission, (b) Half-section for dielectric slab 
medium, and (c) Equivalent transmission-line representation. 


2(J—d) the width of the air space. Let 1 half-sections 
be contained in the guide cross section and assume the 
TE q mode to be incident on the corrugated boundary. 
Then the integers ~ and g may be chosen to give the 
angle of incidence 0,;=sin~ (gd;/2nl) arbitrarily close 
to any desired value. In terms of filter-theory termi- 
nology and assuming the direction of propagation in the 
dielectric-slab medium to be transverse to the axis of 
the waveguide, the image transfer constant 9 is equal 
to a+j8, where a is the total attenuation in nepers per 
half-section and 8 is the total phase shift in radians per 
half-section. In the waveguide, a standing wave must 
exist in the transverse direction perpendicular to the 
dielectric interface’’®, and the total phase shift in the 
transverse direction is gm radians for the TE, mode. 

7N. H. Frank, Rad. Lab. Rep. No. T-9; 1942. 

8 C. G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles 


of Microwave Circuits,” Rad. Lab. Ser., McGraw-Hill Book Co., 
Inc., New York, N. Y., vol. 8, pp. 385-398; 1948. 


Thus for the lossless-dielectric case 0 =j8 =jqr/n. The 
image transfer constant may be derived from the short- 
circuit and open-circuit impedances Z,, and Zc as 
follows 


tanh © = (Zic/Zoc)*!” (1) 


with 


Z 
Zee = jZ2 tan | Kua + tan™ i tan Ky(d — ah |. 
2 


Z 
Loe = 722 tan | Kua statins {= cot Kil — ak |. 
2 


Here Z; and Z, are the characteristic impedances of the 
air and dielectric slabs for transverse propagation, and 
K, and Ke are the respective propagation constants. 
For any TE mode 2Z1/Z2:=K>2/K,. Thus the following 
transcendental equation is obtained 
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B 
tan | BR + Ee Fi tan (A — AR) | 


. 2 
(i tan eS) (2) 


n B 
tan | BR — tan“ a cot (A — AR) | 


where A = Kil, B= K2], and R=d/l. R is desired ratio of 
dielectric width to total width of half-section. 

The requirement that the corrugated section behave 
as a quarter-wave matching transformer makes it pos- 
sible to derive relationships for the transverse propaga- 
tion constants K, and Ke, in terms of the angle of inci- 
dence and the relative dielectric constant ¢3; of the 
medium to be matched. To do this, consider the equiva- 
lent transmission-line representation of Fig. 3(c) for 
propagation along the guide axis. The characteristic 
impedances Zo; and Zo3 are given by 


Zor = n/(er — £7)? = Zs = n/(€s — p?)1!? 


where p=(e1)!? sin 6; and 7=intrinsic impedance of 
free space. The matching section must have a charac- 
teristic impedance Zo2 whose value is the geometric 
mean of the two guides. Since the guide wavelength is 
inversely proportional to the characteristic impedance, 
the desired guide-wavelength in the matching section 
is given by 

oo = o/[(er — p?)(es — p?) JNA. (3) 


The transverse propagation constants K; and Ke in the 
matching section may be shown quite readily to be 


2a 
Wes < [a — { (1 Hee p?) f 4/2 ]72 (4) 
and 
2a 
Oe les — {(er — p)(es — p?) $12]. (5) 


Applying (4) and (5), one may solve (2) for R, the 
desired ratio of dielectric to total width for the half- 
section. This has been done for ¢:=1 and €3;=2.55 
(polystyrene) for various angles of incidence with //\ 
as a parameter and is plotted in Fig. 4. The depth of 
corrugation required for each angle of incidence is 
d,2/4, which may be computed from (3). This quantity 
is plotted in Fig. 5. These design curves are directly ap- 
plicable for matching the surface of a polystyrene lens 
for a wave of perpendicular polarization and any angle 
of incidence. The only approximation in the analysis 
and in Figs. 4 and 5 is the neglect of discontinuity effects 
at the interfaces other than the changes in characteristic 
impedance. Measurements have shown this approxima- 
tion not to be serious. 

2) Static Limit: Of importance is the special case 
where //A->0, since this will serve as a guide in inter- 
preting the result of the static analysis to be discussed 
in a later section for a more complicated structure. As 
l/A—0 the approximations tan x—>x, cot x-1/x, and 
tan (1/x)—>7/2—x can be made in (2). Upon applying 
(4) and (5), the desired expression for R as 1/A-0 is 
given by 
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Fig. 4—Matching with vertical corrugations— 
perpendicular polarization. 


pe? —at [la — p(s — 9”) 1”? 


[es — «1] 


R= (6) 


This result may also be obtained by considering the 
static capacitance formed by the half-section and solv- 


€,=1.0 €3=2.55 

Q,= ANGLE OF INCIDENCE 
FOR LENS MATCHING 

Q\: sin! 32 FOR WAVE — 
GUIDE MATCHING 
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Fig. 5—Depth of corrugations for quarter-wave 
matching section. 


ing for the effective dielectric constant. Referring to 
Fig. 4, the amount of dielectric required for the static 
case (//N:->0) is seen to be always greater than for the 
case of finite wavelength. 


1956 


3) Application to Waveguide Matching TE. Mode: 
The general equation for vertical corrugations (2) is 
directly applicable to the case of waveguide matching 
in the transition from a guide filled with dielectric 
constant €; to a guide with dielectric ¢3. Fig. 6 is a plot 
of d/l vs 06:=sin™ (Ao/2a) with nm the number of half- 
sections as a parameter. The depth of corrugation is 
given as before by Fig. 5. For a given configuration, as 
the frequency is increased K, becomes imaginary, and 
hence the energy begins to concentrate in the dielectric 
part until at a sufficiently high frequency the energy 
concentration is almost completely in the dielectric.’ 
Since the higher-order modes will have begun to propa- 
gate before then, this is of no consequence. The case 
of one dielectric slab centered in the cross section 
(n=2, qg=1)® is identical to the case which has been 
analyzed by others.7:8.10-1 

As an indication of the number of corrugations re- 
quired in the guide cross section before the static an- 
alysis is valid, Fig. 7 is a plot of d/l] vs n for p?=0.5. 
For »=20 (10 corrugations), d/] is within 0.6 per cent 
of the static value. 


Horizontal Corrugations 


The analysis of horizontal corrugations [Fig. 1(b)] 
may be made by the application of transmission-line 
filter theory assuming vertical propagation in the 
waveguide. The equivalent filter half-section is repre- 
sented by Fig. 3(b), if the figure is considered to be ro- 
tated by 90 degrees. The mode is of the TM type for 
the assumed direction of propagation. Thus Z1/Z: 
=e3K,/e,K2. Furthermore, the total image phase shift 
6 of the structure is equal to zero. Hence the following 
transcendental equation for R=d/l is obtained for 
perpendicular polarization. 


B A 
—tan BR = — —tan(A — AR) 


€3 €1 


(7) 


where A = K,/ and B=Kol. 

For this case a difficulty in applying the quarter- 
wave matching concept occurs, since a constant char- 
acteristic impedance does not exist in the waveguide 


® The case of m=2 and q=1 is a special one, since it requires the 
basic half-section to be at its cutoff, where its image impedances are 
zero and infinity. Although (2) applies correctly to one dielectric slab 
centered in a waveguide cross section, it does not apply to the case of 
two half-slabs on each side of the cross section. For the latter case, a 
correct formula may be obtained by computing Z,, and Z,, from the 
right in Fig. 3(b), instead of from the left. However, for all other 
values of m (with g=1), (2) gives the correct result for either possible 
arrangement of half-sections in a rectangular waveguide propagating 
the fundamental mode. 

10 L. Pincherle, “Electromagnetic waves in a metal tube filled 
longitudinally with two dielectrics,” Phys. Rev., vol. 66, pp. 118-130; 
September 1-15, 1944. 

li N. Marcuvitz, “Waveguide Handbook,” Rad. Lab. Ser., Mc- 
Graw- Hill Book Co., Inc., New York, N. Y., vol. 10, pp. 391-393; 
1951; 

2]. Van Bladel and T. J. Higgins, “Cut-off frequency in two di- 
electric layered rectangular waveguides,” J. Appl. Phys., vol. 22, pp. 
329-333; March, 1951. 

13 R. B. Adler, “Properties of guided waves on inhomogeneous 
cylindrical structures,” M.I.T. Res. Lab. Electr., Tech. Rep. No. 102; 
May 27, 1949. 
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Fig. 6—Vertical corrugations—waveguide matching, TE;9 mode. 


cross section. By making the approximation that the 
dielectric-slab-medium characteristic impedance is the 
same as that for the TE mode in a uniform dielectric 
that would yield the same phase velocity, the following 
equations for the transverse propagation constants are 
obtained: 


2a 

Ki=Sfa--(-M@- pele @ 
2r 

Ke = fa p= {a pe 9) © 


STATIC VALU 


n= NUMBER OF HALF - SECTIONS 
=2xX NUMBER OF CORRUGATIONS 


{e) 10 20 30 40 50 60 70 


Fig. 7—Dependence on number of half-sections for waveguide 
matching, \o/2a =0.707. 


The transcendental equation, (7), has been solved for 
R with e;=1 and e3;=2.55, and the results are plotted in 
Fig. 8 as a function of the angle of incidence with 1/d as 
parameter. The plot of Fig. 5 gives the corrugation 
depth for horizontal as well as vertical corrugations. 
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Fig. 8—Matching with horizontal corrugations—perpendicular 
polarization. 


Array of Dielectric Cylinders 


A rigorous solution for the array of dielectric cylin- 
ders of Fig. 1(d) is beyond the present scope of analysis. 
However, an approximate method, which has been 
used previously for artificial dielectric media, is ap- 
plicable.4> By obtaining the electric dipole moment of 
a dielectric cylinder in a static electric field normal to 
the axis of the cylinder, the polarization P and hence 
the effective dielectric constant of an array of dielectric 
cylinders may be obtained. The ratio of dielectric area 
to total area for the matching layer is then given by 


(es te)[p?-—a+ {(e mre esa p?)}2?] 
2e1(€s = €1) 


where perpendicular polarization is assumed, and 6, 
=sin—! (p/e:") is the angle of incidence. Fig. 9 is the 
plot of R.yi as a function of the angle of incidence for 
€:=1 and e;=2.55. The curve of Fig. 5 for the depth of 
corrugation is also applicable for this case. 

To match an air, polystyrene surface, (10) predicts 
area occupied by dielectric should be 68 per cent at 
normal incidence. Since this violates assumption of 
small diameter compared to spacing, and since rather 
narrow clearance would be required, case of array of 
cylindrical holes in a dielectric medium is next con- 
sidered. 

14 W. E. Kock, “Metallic delay lenses,” Bell Syst. Tech. Jour., vol. 
27, pp. 58-82; January, 1948. 


18S, B. Cohn, “The electric and magentic constants of metallic 
delay media,” Jour. Appl. Phys., vol. 22, pp. 628-634; May, 1951. 


Rey1 = (10) 
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Array of Holes in a Dielectric Medium 


The geometric configuration of the holes in the di- 
electric medium of Fig. 1(e) is identical to that of the 
array of dielectric cylinders. Hence the solution ob- 
tained for the latter is applicable to the former if the 
relative dielectric constant €3 of the cylinder is replaced 
by €:1, while the medium e« is replaced by ¢€3. Thus the 
ratio of the area occupied by the air cylinder to total 
area is, for perpendicular polarization, 


(es +a) [es — p? — {(a — P(e — 9) $17] 
2e3(€3 — €1) 
where 6,;=sin— (p/e!/”) is the angle of incidence, as 


above. This is shown plotted in Fig. 9 as a function of 
angle of incidence. Fig. 5 gives hole depth for matching. 


(11) 
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Fig. 9—Matching with array of dielectric cylinders and 
array of holes—air to polystyrene matching. 


MEASURED RESULTS—PERPENDICULAR POLARIZATION 


Fig. 10 is a photograph of typical matching sections 
that have been tested inside a waveguide. The poly- 
styrene insert was slotted so that a probe could be in- 
serted to measure the standing-wave ratio in the di- 
electric-filled guide, with the air guide terminated in its 
characteristic impedance. From the design curves pre- 
sented previously, the air, dielectric transition can be 
matched at a given angle of incidence in the waveguide 
and related to the case of an electromagnetic wave inci- 
dent at the same angle on an infinite matching sheet in 
free space. Fig. 11 shows typical measured results for 
the case of two vertical corrugations inside the wave- 
guide with angles of incidence equal to 41.1, 44.4, 
and 52.1°. In each case a match is obtained at the de- 
sign frequency with vswr less than 1.02. Vswr’s less than 
1.02 have also been obtained for the case of horizontal 
corrugations, indicating that the assumption concerning 
the characteristic impedance in the matching section is 
valid. 

For the case of the hole-type structure, only the static 
analysis of the last section is available. Since the solu- 
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Fig. 10—Photograph of perturbed surfaces. 


tions for horizontal and vertical corrugations for //A—0 
give values of dielectric area roughly 10 per cent greater 
than that for typical finite wavelengths, one may expect 
the static analysis of (11) to give values of Rnoie smaller 
than that required for perfect match. In fact, experi- 
mental results show that by increasing the value of R 
obtained from (11) by 15 per cent, a vswr less than 1.10 
is obtained. The curve for this is shown dotted in Fig. 9. 

No theoretical analysis is available for the waffle-iron 
surface of Fig. 1(c), but the design of this structure may 
be based on the relative area of dielectric in the other 
matched structures treated previously. The experi- 
mental result for a waffle-iron structure simulated by 
two square projections from a dielectric insert filling 
a waveguide indicates that by taking a dielectric area 
approximately 12 per cent less than that predicted for 
horizontal corrugations, a reasonable match is ob- 
tained. 


ANALYSIS OF PERTURBED SURFACES— 
PARALLEL POLARIZATION 


The analyses presented above have been for the case 
of a perpendicularly polarized incident wave. The case 
of parallel polarization may be analyzed in a similar 
manner by considering TM wave propagation in a paral- 
lel-plane transmission line of height 6.1° The design for- 
mulas are tabulated below for the two cases. 


Vertical Corrugations 
Angle of Incidence: 
6; = sin“ (qd;/2b) 


where g=number of half-period variations of the TM 
mode between the plates of spacing 0. 
Guide Wavelength: 


2[(e.— 9?) (es— p?) |*/4 


ha=A : (12) 
Po (e163) #2 + [eres— 49? { (— 2) (es— p?) 12)? 
Transcendental Equation: 

B 
tan EO ne — AR) =0 (13) 


16 R. W. Klopfenstein, “Low frequency waves on transmission 
lines of composite section,” TRANS. IRE, vol. AP-2, pp. 103-109; 
July, 1954. 
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with A=K,l, B=K.l, R=d/1; where 1=width of half- 
section, d= width of dielectric in half-section. 


me Come Direet?\ 2 qn\? 
Ke i) a5 ( ) ( ) (14) 
N92 Xo b 
Peace ane: 2) aaa 
ERE ny b 


Horizontal Corrugations 


Angle of Incidence: 
6; = sin qd,/2nl 


where g is the order of the TM mode, and z is an integer 
chosen with qg to obtain 4; arbitrarily close to any de- 
sired angle of incidence. 
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Fig. 11—Measured data for two vertical corrugations. 
Transcendental equation: 


634 
tan {ar + tan os tan (A — AR) 


€] 


€3A 

tan {BR ='tan + =— cot-(A — Ar) 
€,B 

with d=K,/, B=K.l, R=d/1, |=height of half-section 

and d=height of dielectric in half-section. The depth of 

corrugation is obtained from guide wavelength of (12), 


while transverse propagation coefficients K; and Ky are 
the same as (14) and (15) with (q7/b)? omitted. 
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A Mechanically Simple Foster Scanner” 
Rs C. HONEY? Anp Ee ia ON ES 


Summary—This paper describes the design, construction, and 
testing of a Foster scanner that is much simpler to build than the 
conventional Foster scanner. The simplifications result from the use 
of a choke groove and a solid barrier to replace the conventional in- 
ter-leaving finger barriers. The choke groove and solid barrier are 
very simple to construct, give excellent electrical performance, and 
permit very high scan rates. A scanner has been built and tested at 35 
kmce, where the tolerance problems are very severe, and found to per- 
form extremely well over at least a 10 per cent frequency bandwidth. 


INTRODUCTION 


i HE FOSTER SCANNER is a mechanical scan- 
al Pits antenna permitting relatively high scanning 

rates. In its various forms it utilizes a rapidly 
rotating cone located inside a conical stator to vary 
periodically the angle of the radiated beam with respect 
to the fixed exit aperture. In the construction of the con- 
ventional Foster scanner, interleaving fingers are used 
to direct the energy around the parallel-plate transmis- 
sion line formed by the space between the rotor and the 
stator. For good electrical performance it is necessary 
that the clearance between the interleaving fingers be 
very small. 
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Fig. 1—Sketch showing how rotation of the rotor causes scanning of 
the beam emerging from the exit aperture on the stator. 


DESCRIPTION OF SCANNER 


The manner in which rotation of the conical rotor 
causes the radiated beam to scan is illustrated in Fig. 1. 
Here the paths of typical rays traveling between the 
line source in the rotor and the exit aperture on the 
stator are shown as dashed lines for two different rotor 
positions. The paths of the rays outside the exit aper- 
ture are shown as solid lines. 


PROPAGATION 
OF ENERGY 


OUTPUT 
BARRIER 


ABSORBING 
MATERIAL 


STATOR 


(b) MODIFIED FOSTER SCANNER 


Fig. 2—Cross sections through the cones of two forms of the Foster scanner. 


The form of the scanner described here does not have 
this mechanical limitation because it uses a choke 
groove and a solid barrier instead of interleaving fingers 
to direct the energy around the rotor. This form of the 
scanner is easy to construct, gives excellent electrical 
performance, and permits high scanning speeds. 


* Manuscript received by the PGAP, April 8, 1955; revised manu- 
script received August 29, 1955. The work described in this paper was 
performed at Stanford Res. Inst. on Signal Corps Contracts Nos. 
DA 36-039-sc-5503 and DA 36-039-sc-52595. 

{ Stanford Research Inst., Menlo Park, Calif. 


The usual form of the antenna, as originated by 
J. F. Foster,’ is shown in cross section in Fig. 2(a). Four 
sets of serrated, interleaving barriers, are used to direct 
energy along proper paths. Mechanical problems in- 
volved in construction of such a scanner are quite severe. 

The configuration of Fig. 2(b) avoids the necessity 
for machining the multitudes of fine teeth in four sets of 


1D, W. Fry and F. K. Goward, “Aerials for Centimetre Wave- 
eee Cambridge University Press, Cambridge, England, p. 131; 
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barriers. Two sets of barriers are eliminated by en- 
closing the line source within the rotor, and feeding it 
through a standard rotary joint. One of the remaining 
barriers is replaced by a choke, and the last barrier is 
made solid rather than serrated. Because the perform- 
ance of a choke is sensitive to the angle of incidence of 
the radiation, a choke barrier will operate most satis- 
factorily at a location where this angle of incidence is 
constant. It is important to note that the geometry of 
the conical transmission region is such that the location 
adjacent to the line source is the only one that satisfies 
this condition. The use of chokes to replace the serrated 
barrier was mentioned by Fry and Goward; however, 
it is believed that the scanner described here is the first 
to successfully embody these ideas. Additional advan- 
tages accrue from the adoption of the form of Fig. 2(b): 


1) Increased scanning rates may be obtained because 
the rotor need not be weakened by being split 
entirely in two. Furthermore, by using a linear, 
slotted waveguide array instead of a pillbox as 
used in this scanner, the cone need not be split at 
all. These factors are partially offset by the fact 
that the form of scanner shown in Fig. 2(a) pro- 
vides two scans per revolution, while that of Fig. 
2(b) provides only one. 

2) As will be explained later, both the solid barrier 
and the choke junctions may be simply and ac- 
curately designed using data on barrier and choke 
reflections measured in standard waveguide with 
conventional techniques. 


PHYSICAL DESIGN 


It may be shown that the effective path lengths in- 
volved in the propagation of energy between curved 
surfaces such as those used in the Foster scanner can 
be very accurately determined (if the spacing is less 
than one-third wavelength and radius of curvature 
greater than one wavelength) by measuring distances 
on a single curved sheet lying midway between the two 
surfaces. If this sheet is then developed onto a flat 
plane, the ray paths or phase fronts become straight 
lines. In Fig. 3 the line-source aperture becomes a radius 
on the developed surface, and during a scan cycle sweeps 
through a total angle ¢, the angle of the developed cone. 
On the developed surface, energy radiates in straight 
lines from the source and at a constant angle from it at 
all times in the scan cycle. Assuming zero switching 
time in the scan cycle, the maximum scan angle is equal 
to ¢, which is geometrically related to the angle 0 of 
the undeveloped cone by 


Fig. 4 illustrates one of the limitations on the maximum 
scan angle of the Foster scanner when the beamwidth 
must remain constant over the scanning cycle. When 
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(b) DEVELOPED CONE 


Fig. 3—Notation for developing conical surface. 


the radiation from the line source is normal to the 
source [Fig. 4(a)], the length L’ of the cone required to 
prevent any obstruction of the effective aperture, L, is 
given by 


Li =L+(L+n(ec¢ — 1); 


where the radius ¢ is related to the diameter D of the 
small end of the rotor by @¢r=7D. If, however, the 
energy radiates at an angle of ¢/2 from the normal to 
the line source [Fig. 4(b) ], (this condition is henceforth 
referred to as “canted” radiation), the length L”’ of the 
required cone is given by: 


LY =L+(L4+7n) (sec - i). 
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Fig. 4—Ray paths on developed surface at the two ends 
of the scanning cycle. 


For the scanner actually built (6=50.1 degrees) the 
increase in cone length required for normal radiation 
would have amounted to 73 per cent of the effective 
aperture length; whereas by using canted radiation the 
increase in required cone length over the effective 
aperture length is only 14 per cent. 
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Canting the radiation in this way reduces the range 
of incident angles over which the solid barrier junction 
must operate to only half that required for normal 
radiation. As explained later, this means that the 
equivalent fractional frequency bandwidth over which 
such a junction must operate for a constant angle of 
incidence is reduced from (1—cos ¢) for normal radia- 
tion to [1—cos (¢/2) | for canted radiation. 

Furthermore, the width of the output horn, if it is to 
face a direction midway between the two extreme scan 
angles, can be much smaller for canted radiation than 
for normal radiation. Referring to Fig. 4, the minimum 
horn width required is L’/ cos (¢/2) for normal radia- 
tion, and only L” for canted radiation. 

For reasons discussed in the following section, a 
parabolic pillbox has been selected as the line source 
within the rotor, and several additional advantages of 
canted radiation result from this choice: 


1) The size of the conical rotor necessary to contain 
the parabola is much smaller. 

2) The interaction between the feedhorn and the 
parabolic reflecting surface is appreciably less. 

3) The increase in side lobes due to scattering from 
the feedhorn is less than that for normal radiation 
since the feedhorn is shifted from the point of 
maximum illumination. 


ELECTRICAL DESIGN 
Line Source 


From a mechanical standpoint, a non-resonant 
slotted-waveguide array would be the best type of line 
source to incorporate within the rotor. However, the 
design and construction of such an array for 35 kmc 
would be a rather extensive project and it was felt 
that this was unnecessary merely to test the basic de- 
sign of this new scanner. Therefore, a single-layer para- 
bolic pillbox was chosen as the line source. 


Waveguide Chokes 


As shown in Fig. 2(b), it is necessary that all the 
energy leaving the line source pass without reflection 
into the parallel-plate region formed between the rotor 
and stator, and that no energy leak past the choke 
groove in the rotor. The design of the choke groove in 
the scanner is rigorously equivalent to the design of a 
series choke in waveguide, while the design of the re- 
flectionless transition between the line source and the 
parallel-plate region is rigorously equivalent to the de- 
sign of a unity-coupling-factor series TJ-junction in 
waveguide. To convert the waveguide dimensions to 
the parallel-plate dimensions, it is only necessary to 
multiply the waveguide dimensions by X sec (¢/2)/),; 
where \, is the guide wavelength, \ is the free space 
wavelength in the parallel-plate region and ¢/2 is the 
angle at which energy is incident on the junction meas- 
ured with respect to the junction normal (see Fig. 4). 
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The analysis of series junctions by Allanson, Cooper 
and Cowling? was used to design the chokes since it pre- 
dicted the measured rejection frequencies within a 
small fraction of 1 per cent in most cases. A slight de- 
viation from the theoretical curve was noted for the 
small choke depths used at the higher frequencies. This 
is due to the failure of the theory to account for the 
proximity of the shorting end-plate of the choke section 
to the local fields at the junction, since measurements 
on three-quarter-wavelength-deep chokes at these fre- 
quencies agree almost exactly with the theoretical pre- 
dictions. The measured values of maximum attenuation 
past the one-quarter and _ three-quarter-wavelength 
chokes were not appreciably different. 


Unity-Coupling- Factor Series T-Junctions 


A unity-coupling-factor series T-junction is a lossless 
three terminal waveguide T-junction that has the 
property of transmitting all the signal incident on the 
series arm to one of the through arms if a perfect short 
circuit is suitably placed in the other through arm. 

The analysis of the series 7-junctions? is not appli- 
cable to the design of unity-coupling-factor 7-junctions 
because the results are only tabulated for the case where 
the height c of the series arm is equal to the height 0 of 
the through arms. However, it has been found that the 
data for the case where c>b (quoted by L. G. H. Hux- 
ley? who reproduces a curve due to MacFarlane), based 
on the theory of Frank and Chu,‘ gave the best results 
in designing these junctions. The dimensions of the 
junctions designed by this theory agree with those de- 
termined experimentally within 0.4 per cent. 


Unity-Coupling-Factor Junctions Combined With Wave- 
guide Chokes 


It has been found in the two previous sections that 
at one frequency a well-constructed waveguide choke 
will behave as an almost perfect short circuit, and at 
one frequency a J-junction for c>b will have perfect 
transmission between arms 1 and 2 (see Fig. 5) with a 
short circuit appropriately placed in arm 3. It should be 
possible, then, to combine the choke and the 7-junction 
so that at one frequency essentially perfect transmis- 
sion will occur between arms 1 and 2, and practically 
no power will be transmitted through into arm 3. Such 
a junction was built with 3\,/4 spacing between the 
reference planes in the two junctions and its behavior 
was exactly as predicted. Measurements of the junction 


parameters as functions of frequency are shown in 
Fig: 5. 


* J. T. Allanson, R. Cooper, and T. G. Cowling, “The theory and 
experimental behavior of right-angled junctions in rectangular-sec- 
Ppa guides,” J. Inst. Elect. Engrs., vol. 93, pp. 177-187; May, 

’L. G. H. Huxley, “A Survey of the Principles and Practice of 
Wave Guides,” The MacMillan Co., New York, N. Y., p. 170; 1947. 

_(N. J. Frank and L. J. Chu, “7-junctions in rectangular wave- 
guide,” M.I.T. Rad. Lab. Reps. 179 and 180; July, 1942. 
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Fig. 5—Experimental performance of junction with three- 
quarter guide-wavelength spacing. 


Greater bandwidth may be achieved hy using \,/4 
spacing between the reference planes of the choke and 
the 7-junction. However, with this closer spacing the 
higher order fields of the two junctions intermingle 
and modify the performance of the structure requiring 
empirical adjustment of the width c of the 7-junction 
to obtain a unity coupling factor. 
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Fig. 6—Experimental performance of junction with one- 
quarter guide-wavelength spacing. 


In Fig. 6 the measured values of transmitted and re- 
flected power out of the various arms of such a quarter- 
wave spaced choke and 7-junction are plotted as func- 
tions of frequency. The input vswr is plotted vs b/A, in 
Fig. 7, since the spread on the b/X, scale is directly pro- 
portional to the frequency bandwidth for the same 
junction scaled for use between parallel planes. It can 
be seen that the junction has a 6 per cent bandwidth 
for an input vswr less than 1.10. Incidentally, any power 
transmitted into arm 3 can be dissipated in absorbing 
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Fig. 7—Input voltage standing wave ratio vs b/X, 
for completed junction. 


material placed around the circumference ef the stator 
at each end of the cone and along the back side of the 
solid barrier junction, and will not contribute to the 
side lobes or otherwise interfere with the radiation 
pattern. The actual power lost by this means, even at 
the extremes of the 6 per cent bandwidth, is less than 
0.4 per cent or 0.02 db. 


SLIDING 
TERMINATION 


LOSSY TERMINATION 


Fig. 8—Cross section of solid barrier junction scaled 
to x-band waveguide. 


Barrier Junction 


The design of the solid barrier junction of Fig. 2(b) 
was largely empirical, and, as with the choke junction, 
was carried out in waveguide. The completed assembly 
shown in Fig. 8 was tested and found to have a vswr 
<1.04 over the applicable frequency range. The only 
point in the scan cycle where reflections from this 
junction will cause input impedance variations occurs 
when the energy is normally incident on the junction, 
but this is sufficiently low for the design shown (vswr 
<1.01) to be undetectable in the final scanner. 


Output Horn 


The output horn was designed with a double flare in 
order to keep the reflections from each change in flare 
angle as low as possible and approximately equal, with- 
out making the horn too long. In the construction of the 
actual horn, the bends were made round rather than 
sharp to further reduce the reflection coefficients. 
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CONSTRUCTION 


A complete scanning antenna based on the design 
information described above has been built and tested. 


Some of the basic design data for the scanner are listed 
in Table I. 


PRABLE TI 
DIMENSIONS OF THE EXPERIMENTAL FOSTER SCANNER 


Vertex angle of conical rotor =16 in. 
Diameter of large end of rotor =O) nH 
Diameter of small end of rotor =), 24o01n 
Axial length of rotor = 33.04 in. 
Gap between rotor and stator = 0.0636 in 
Maximum clearance between rotor and 

solid-barrier junction = 0.006 in. 
Focal length of parabolic pillbox 3 (O22) thas 
Width of parabolic pillbox = 0.0794 in. 
Depth of choke groove = 0.0850 in. 
Width of choke groove = 0.0636 in. 
Spacing of choke groove from pillbox =nO20253em06 
Design frequency =34.9 kmc (8.6 mm) 
Maximum scan angle (zero switching time) =50.10 in. 


The stator was too large to be turned in one piece on 
available lathes, and was therefore cast in three sections. 
The castings, made by the Aluminum Company of 
America, were of stress-relieved 356-T51 aluminum 
alloy, to minimize the distortion of the stator when the 
output aperture was cut through along one side. 

The rotor, of 356-T6 aluminum alloy, was cast in two 
identical halves. The parabolic pillbox was milled into 
one flat aluminum plate, and screwed to one rotor sec- 
tion with flush-head aluminum screws. Another flat 
plate was similarly screwed to the other rotor section 
and the two sections securely bolted together, sand- 
wiching the pillbox between them. The feed for the 
pillbox, consisting of a slot in the broad side of standard 
K,-band waveguide, was inset in an aluminum clip de- 
signed to keep the rotor from expanding at high speeds. 
The reinforcing clip increases the obstruction across the 
aperture and alters the primary feed pattern; however, 
preliminary tests of the rotor alone indicated that the 
2- or 3-db resultant increase in side-lobe level to about 
— 18 db was not too serious for the present tests. 

The rotor was not balanced for the initial electrical 
tests; however, approximate calculations indicated that 
a speed of 500 rpm would cause a spread of the two rotor 
sections of less than 0.001 inch which should not ap- 
preciably affect the electrical performance.® It is felt 
that speeds as high as 3,600 rpm could be attained if 
the two rotor sections were bonded together with non- 
reflecting supports, such as have been developed for use 
in conventional Foster scanners.® If, as mentioned be- 
fore, a slotted waveguide were used as the line source, 
even greater speeds would be possible. 


5 Leonard Hatkin of SCEL informed the authors that the Signal 
Corps later balanced this rotor and spun it at 1,000 rpm with no 
spreading of the rotor halves being detected. 

6 Such supports have been developed by W. C. Wilkinson of RCA 
and by W. Rotman of AF Cambridge Research Center. 
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ELECTRICAL TESTS 


The complete scanning antenna is shown in Fig. 9. 
A large number of radiation patterns were recorded for 
many angular positions of the rotor at the design fre- 
quency and at frequencies +5 and —10 per cent from 
the design frequency. A set of patterns obtained at the 


Fig. 9—Complete Foster scanner on the antenna pattern range. 


design frequency are reproduced in Fig. 10. The most 
significant points noted in these patterns and in other 
patterns not shown are: 


1) At the design frequency, the main beam and the 
minor lobe structure remain virtually unchanged 
throughout the entire scan cycle and are very 
similar to those of the rotor alone. In other words, 
the scanning action does not alter the radiation 
pattern of the line source to any appreciable ex- 
tent. 


2) The patterns at frequencies +5 per cent from the 
design frequency are nearly as good as those at 
the design frequency. 


3) At a frequency 10 per cent below the design fre- 
quency, significant pattern perturbations are ob- 
served, which are due to multiple reflections be- 
tween choke junction and solid barrier. 


At all frequencies tested, the angle of scan was a linear 
function of the rotor angle within the error of the 
measurements (0.1 degree). 

A series of measurements were also made of the am- 
plitude of the main beam as a function of the rotor 
angle, or azimuth scan angle, for same frequencies em- 
ployed in pattern measurements. Fig. 11 (p. 46) shows 
how the amplitude decays uniformly with scan angle 
at the design frequency. At +5 per cent from the design 
frequency the behavior is very similar but when the 
frequency is 10 per cent below the design frequency the 
amplitude is an erratic function of scan angle. The 
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Fig. 10—Radiation patterns of Foster scanner at design frequency—34.9 kmc. 


46 


gradual slope observed in the amplitude through the 
scan cycle is due entirely to the attenuation that occurs 
as the energy propagates through greater and greater 
lengths in the conical transmission line between the 
rotor and the stator. For the frequencies, spacings, 
and aluminum alloys employed here, the theoretical 
change in amplitude from one end of the scan cycle to 
the other is approximately three-quarters of a decibel, 
and the theoretical curve is superimposed on Fig. 11. 
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Fig. 11—Relative maximum amplitude as a function 
of azimuth scan angle. 


It is seen from the figure that a total scan angle of 47° is 
obtained at the center frequency with virtually no 
change in the radiation characteristics aside from the 
gradual change in amplitude due to dissipation in the 
rotor and the stator. In order to calculate the gain ap- 
proximately, the scanner was connected asa transmitter 
and the rotor turned until the radiation from the scan- 
ner was normal to the output horn and the field along 
the horn was measured with a very small probe. The 
results are shown in Fig. 12. Also included on the figure 
are directive gains’ obtained for the H-plane by numer- 
ical integration of the measured curve assuming con- 
stant phase distribution over the indicated portions of 
the aperture. The directive gain in the #-plane was cal- 
culated from Schelkunoff’s gain curves.’ The lowest 
computed directive gain of 32.8 db, is undoubtedly 
closest to the actual gain since in the regions outside 


7S. Silver, “Microwave Antenna Theory and Design,” McGraw- 
Hill Book Co., Inc., New York, N. Y., pp. 177-179; 1949, 

8S. A. Schelkunoff and H. T. Friis, “Antennas, Theory and Prac- 
tice,” J. Wiley & Sons, Inc., New York, N. Y., pp. 523-529; 1952. 
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January 


the boundaries shown, the phase must be going through 
large and rapid changes, and contributing little if any- 
thing to the over-all gain. 

The measured gain, obtained by comparison with a 
horn whose gain can be calculated from Schelkunoff’s 
analysis, was 30.7 +0.5 db. Since there is approximately 
0.4 db attenuation in the waveguide feeding the para- 
bolic line source, 0.4 db attenuation within the pillbox, 
and 0.5 db spill-over loss from the pillbox, the directive 
gain of the antenna is approximately 32+0.5 db. In 
view of the uncertainties involved in these calculations, 
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Fig. 12—Measured amplitude distribution along the output 
horn of the Foster scanner. 


this figure agrees well with that computed from the 
amplitude distribution. It may be concluded therefore 
that this Foster scanner operates in the manner pre- 
dicted, without the occurrence of any unusual losses 
or other abnormalities in performance. 


CONCLUSION 


The modification of the Foster scanner described in 
this paper has been found to perform extremely well. 
The experimental tests have demonstrated that the 
principle of using choke joints to direct the energy 
around the conical rotor is sound. The choke joints have 
also been shown to have important advantages over the 
conventional interleaving-finger barriers. 
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Surface Currents Excited by an Infinite Slot 
on Half-Planes and Ribbons* 
J. R. WAIT} anv M. O'GRADY} 


Summary—The distribution of surface current density on a per- 
fectly conducting half-plane excited by an infinite axial slot is deter- 
mined. The slot is assumed to be of small width and it is excited 
throughout its length by a uniform transverse voltage. It is shown 
that the surface currents which flow toward the edge of the half- 
plane are somewhat smaller than they would be if they were on an 
infinite plane. For sake of comparison the surface currents of an in- 
finite axial slot on a thin elliptic cylinder or ribbon are also examined 


INTRODUCTION 


N THE theoretical study of slot antennas little 
attention has been paid to the near fields. Since the 
slots are cut usually in metal surfaces, which can be 

represented or approximated by circular cylinders, 
elliptic cylinders, or wedges, it is of interest to examine 
the surface currents that are excited by the slot. In 
these cases it is not permissible to make any of the 
usual far field approximations!” and the analysis be- 
comes very difficult, in general. However, if slot is as- 
sumed to be of infinite length and parallel to axis of cyl- 
inders or wedge edge, resulting expressions for surface 
currents are in a form suitable for computation. 

It is the purpose of this paper to examine the sur- 
face currents excited by an axial slot on a wedge of 
vanishing thickness or half-plane and also for the axial 
slot on a thin elliptic cylinder or ribbon. These cases are 
illustrated in Fig. 1. It whould be mentioned that 
Papas and King*® have studied the currents on an in- 
finite circular cylinder excited by an axial slot. 


SLOT ON HALF-PLANE OR THIN WEDGE 


Expressions were given previously‘ for the fields of a 
line source of magnetic current parallel to the edge of a 
semi-infinite, infinitesimally thin, and perfectly conduct- 
ing wedge or half-plane. When the source is allowed to 
coincide with the surface of one side of the half-plane 
the magnetic current is equivalent to an axial slot 


* Manuscript received by the PGAP, April 22, 1955; revised man- 
uscript received August 1, 1955. 

+ Central Radio Propagation Laboratory, Boulder, Colo. 

t Radio Physics Lab., Defense Research Board, Ottawa, Canada. 

1S, Silver and W. K. Saunders, “Field produced by an arbitrary 
slot on a circular cylinder,” J. Appl. Phys., vol. 21, pp. 153-158; 
January, 1950. ; 

2 J. R. Wait and S. Kahana, “Radiation from a slot on a cylin- 
drically tipped wedge,” Can. J. Phys., vol. 31, pp. 714-722; Novem- 
ber, 1954. 

3 C. H. Papas and R. King, “Currents on the surface of a infinite 
cylinder excited by an axial slot,” Quart. Appl. Math., vol. 7, pp. 175— 
182; April, 1949. 

4J.R. Wait, “Radiation from a line source adjacent to a conduct- 
ing half-plane,” J. Appl. Phys., vol. 24, pp. 1528-1529; December, 
1953. The problem can also be solved using a Wiener-Hopf technique, 
for example, see R. F. Harrington, “Current element parallel to a 
conducting half-plane,” J. Appl. Phys., vol. 24, pp. 547-551; June, 
1953. The problem has also been discussed in detail by C. T. Tai, 
“Radiation From Apertures in a Half-Plane Sheet,” Technical Re- 
port No. 45, Stanford Research Institute, June, 1954. 


excited by a uniform voltage V throughout its length. 
Choosing a cylindrical coordinate system (p, ¢, 2) co- 
axial with edge of half-plane, slot is located at p=po on 
upper side, ¢=0, of half-plane. Resulting magnetic field 
which has only an axial component is then given by 
—ewV 2 


H,=- DS Anja (po) I m2 Re) ém Cos (mg/2) (1) 


4 m=0,1,2,3-+> 


for p<po and 


oO 


DI mp2(Re0) HL mj2 (Rp) em COs (mp/2) (2) 


4 m=30,1,2,3-+> 


—ewV 


H, 


for p>po where €)=1, €m =2 for m0, € is the dielectric 
constant of free space, k =27/free space wavelength, 
and w is the angular frequency. Jm2(x) is the Bessel 
function of the first type of order m/2 and argument x, 
and Himj2, (x) is the Hankel function of the second kind 
of order m/2 and argument x. 


THIN WEDGE OR HALF PLANE 


slot 
OL Sti 8 
one oa 


THIN ELLIPTIC CYLINDER OR RIBBON 


Fig. 1—Illustrations of an axial slot cut on one side of 
half-planes and ribbons. 


Current density in amp per meter on half-plane is now 
numerically equal to tangential magnetic field and it 
flows in the p direction. But for purposes of computation 
and presentation, it is convenient to introduce a dimen- 
sionless current parameter defined by 


Ty = (eoV)™ [Hz] 4-0 (3) 
for the upper side and 
Ty = (eV) [Bel ouax (4) 
for the lower side. 
Noting that the even terms in the summation can be 


summed by employing a well-known addition formula?® 
for integral order Bessel functions, it follows that 


5G. N. Watson, “Theory of Bessel Functions,” Cambridge Uni- 
versity Press, Cambridge, 1944; p. 361. 
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AMPLITUDE OF CURRENT |Iy| 


—HALF PLANE CASE 
----INFINITE PLANE CASE 


PHASE OF CURRENT (degrees) 


(b) 
Fig 2—(a) The amplitude of the current density on the half-plane 


for keo=1.0. (b) The phase of the current density on the half- 
plane for kpo=1.0. 


— Ho [R(po — p)]/4 + P(po, p) 
— Hy [kp — p)|/4 — P(po, p) 


Ivy = 
I, = (5) 
for p<po and 

Iv = 


I, 


— H)|k(p — po)|/4 + Plo, po) 
— Ho [R(p — po)]/4 — Pl, po) (6) 


for p>po. The summation term P(po, p) involving half 
order Bessel functions is given by 


1 
P(po, p) ee 
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DA mja (po) I mia( Rp) 


m=1,3,5++-+ 
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Fig. 3—(a) The amplitude of the current density on the half-plane 
for kpp=4.0. (b) The phase of the current density on the half- 
plane for kp» =4.0. : 


The expression for P(p, po) is identical in form to the 
above when p is interchanged with po. 

If the edge of the half-plane was infinitely remote from 
the slot the expressions for Jy would correspond identi- 
cally to the normalized current density Jy” for a thin 
slot on an infinitely extensive conducting plane. It is 
easy to show that for this case® 

Ip? = — Ho [k| po — p| J/2. (8) 
Numerical computations have been carried out for the 
amplitude and phase of Jy and J, utilizing available 


6 N. A. Begovich, “Slot radiators,” Proc. IRE, vol. 37; pp. 803- 
806; July, 1950. 
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Fig. 4—(a) The amplitude of the current density on the half-plane 
for kpy=8.0. (b) The phase of the current density on the half- 
plane for kpo =8.0. 


tables of the half-order Bessel functions of positive and 
negative order. The results are plotted in Figs. 2 to 5 
where the abscissas are p/p) and the kpy values chosen 
were 1, 4, and 8. The amplitude and phase of Jy® are 
shown for comparison in Figs. 2 to 4. The similarity 
between Jy and Jy® is striking. It is noted that the 
current density is disturbed by the presence of the 
edge in a consistent manner. In all cases the ratio 
Iy/Tcv® approaches 1/2 as p tends to zero. This is in 
accord with the fact that the summation term P(po, p) 
approaches zéro as p tends to zero. The ripples in the 
curve of | Zu| for p between 0 and pp can be interpreted 
as a sort of standing wave pattern resulting from the 
interference of the wave partially reflected from the 
edge with the direct excitation from the slot. 
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Fig. 5—The amplitude of the current density on the lower side of the 
half-plane for various values of po. 


The amplitude of the density on the lower side of the 
sheet is seen from the curves in Fig. 5 to decrease mono- 
tonically with distance p from the edge. As seen in Figs. 
2 to 4 the phase is almost a linear function of p. It is 
worthwhile to note that Jy and J; are continuous at the 
edge. 


SLOT ON RIBBON OR THIN ELLIPTIC CYLINDER 


When the slot is cut on a thin conducting ribbon of in- 
finite length the excited surface currents can be studied 
by representing the ribbon by an elliptic cylinder of 
infinite length with a vanishing minor axis. Employing 
the general results given in a previous analysis’ it is 
possible to write down a rigorous expression for the 
tangential magnetic or surface currents for an arbi- 
trary slot with any specified distribution or electric 
field. Unfortunately, the infinite integrals appearing 
inside the summation of Mathieu functions are not 
easy to evaluate for finite slots in the near field. For 
the case of the thin axial slot of infinite length, how- 
ever, with a uniform voltage distribution V, the trouble- 
some infinite integrals disappear. Consequently the 
magnetic field H, in terms of elliptic cylinder coordi- 
nates (uw, v, 2) for a slot located at v=vo on the elliptic 
cylinder w=» with semi-focal distance d is given by 


JEL, = Ae 
> Se, Om( Rd, Vo) Se, Om( Rd, v) He, 0m?(Rd, uo) 
Nm?(kd) [OHe, 0m? (Rd, u)/0U|umug 


m=0 


(9) 


where Se, and So, are the even and odd angular 
Mathieu functions, He, and Ho, are the even and odd 
radial Mathieu functions of the fourth kind and J,,° 
and N° are the appropriate normalization factors.§ 
Double suffix e, o in (9) is to indicate summation is over 
both even and odd Mathieu functions. Again, current 


7J. R. Wait, “Field produced by an arbitrary slot on an elliptic 
cylinder,” J. Appl. Phys., vol. 36, pp. 458-463; May, 1955. 

8 J. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book 
Co., Inc., New York, N. Y., 1951; p. 375. 
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density on surface of elliptic cylinder is numerically 
equal to tangential magnetic field H, at u= uo. 

To effect the transition to a thin ribbon, mo is set 
equal to zero. The simplification will be made also that 
the slot is located centrally on the upper side of the 
ribbon, so that (9) can now be simplified by making use 
of the following identities:° 


Hy (kd | COs 9 | ) 


=/4'3¢ 
m=0 


S€m( kd, 0)S€m(Rd, 1/2) 
N m¢(kd) 


Ten( kd, 0) Hem (kd, 0) (10) 


[OHem (Rd, )/duJum0 = — t/Jem(kd, 0) (11) 


where Je, is radial Mathieu function of the first kind. 
Tangential magnetic field H,, on ribbon is then given by 


ewV 


Aw. = — 


{15 [kd | cosv | | 


© Som( kd, v)S0m( kd, 7/2)H0m (kd, 0)“”=° 
a Fioy (Rd, v)SOm(kd, 1/2) (kd, 0) ; (12) 
Nmn(kd) [0Hom (hd, uo) /du0 | 


m=0 


and the normalized current densities on the upper and 
lower sides of the ribbon are given by 


Io = (w@V)H,, for OS e574 (13) 
and 
Tet ate star. 0 Ss oi a (14) 


respectively. 

Employing tabulated values of the Mathieu functions, 
numerical results can be obtained from (12) although, 
the convergence of the series is poor. As an example, 
the amplitude and phase of Jy and J, are plotted in 
Fig. 6 for kd =4 as a function of s/d where s is measured 
from the edge of the ribbon of width 2d (2.e., s/d=1 
= p|cos v| ). For comparison half-plane results for kp» 
=4 are shown in Fig. 6 along with infinite plane results. 

The similarity between the current density near the 
edge of the ribbon and that near the edge of a half- 
plane is most striking. Apparently, the behavior of the 
surface current between a slot and an edge is mainly 
determined by their distance of separation. The surface 
current on the lower side of the ribbon is however, 
quite different from that of the half-plane. No doubt 
the oscillating nature of the curve of J; shown in Fig. 6 
for the ribbon results from interference between the 
waves coming from the two edges of the ribbon.!?" 


9 P. M. Morse and H. Feshbach, “Methods of Theoretical Phys- 
ics,” McGraw-Hill Book Co., Inc., N. Y., N. Y., 1953; vol. 2, p. 1421. 

10 J. R. Wait and R. E. Walpole, “Calculated radiation character- 
istics of slots cut in metal sheets, Pt. I,” vol. 33, pp. 211-227, May, 
1955; and Pt. II, vol. 34, March, 1956 (in press). 

1D, C. Frood and J. R. Wait, “An experimental investigation of 
slot radiators in metal plates,” Proc. I.E.E., Pt. B, vol. 103, January, 
1956 (in press). : 
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Fig. 6—(a) The amplitude of the current on the ribbon with the re- 
sults for the half-plane shown for comparison. (b) The phase of 
the current on the ribbon with the results for the half-plane shown 
for comparison. 


CONCLUSION 


While the results of this analysis are confined to an 
infinite slot on a half-plane, and to ribbons that are 
infinite in axial direction, it is believed they show, in a 
qualitative way, effect of an edge which is parallel toa 
slot. It would be interesting to extend this analysis to 
an axial half-wave slot on a half-plane or ribbon. 
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Radar Back-Scattering Cross Sections 
for Nonspherical Targets* 
P. N. MATHUR} anv E. A. MUELLER} 


Summary—Studies were made of the scattering of electromag- 
netic waves from nonspherical targets by making exact determina- 
tion of the nose-on radar back-scattering cross sections of conducting 
prolate spheroids of various sizes and shapes. Curves are given for 
the back-scattered cross sections as a function of dimensionless size 
and shape parameters for prolate spheroids. The results are com- 
pared with the Rayleigh-Gans first order approximation and Steven- 
son’s third-order approximation, and the range of applicability of 
these approximations is evaluated. 


INTRODUCTION 
|e SOLUTIONS of the scattering of electro- 


magnetic waves by nonspherical particles have 

been obtained only in a few cases. Contributions 
to this problem were made by Herzfeld [1] and Méglich 
[2] who attacked the problem by methods of exact 
analyses. Their solutions are, however, formal ones and 
a great deal of work is required to reduce them to cal- 
culable forms. Schultz [3] obtained an exact solution 
for the special case of a conducting prolate spheroid at 
nose-on incidence. Even for this case the calculations 
are quite involved and tedious. Siegel, Gere, Marx, and 
Sleator [4] have made a radar scattering study from 
this solution for a thin prolate spheroid (axis ratio 
10:1). 

Gans [5] and Rayleigh [6] obtained first-order so- 
lutions on the assumption that the characteristic di- 
mensions of the scatterers are very small compared to 
the wavelength of the incident radiation. This limita- 
tion on size is a serious one, and the results, while rea- 
sonable and useful, are of uncertain accuracy in detail. 
More recently, Stevenson [7] has extended these solu- 
tions to third-order terms. With the exception of the 
range of validity of this higher order approximation, his 
solution is quite general. 

The purpose of the present investigation was: to 
study the effect of size and shape of the target on radar 
echo, and to determine the range of applicability of the 
Rayleigh-Gans and Stevenson approximations by 
evaluating these solutions against an exact solution. 

A brief outline of the formulas used and the results 
obtained are described in the following sections. 


THEORY 
Basic Definitions 


Since most radar applications are based upon the 
transmission of short pulses of electromagnetic energy 
and reception of echo pulses from a distant target, it is 
desirable to’ express the returned signal power in terms 


* Manuscript received by the PGAP, April 28, 1955; revised man- 
uscript received September 6, 1955. 
+ Illinois State Water Survey, Urbana, III. 


of radar system parameters, the range to the target, 
and quantities that depend upon the nature of the 
scatterer. Establishment of a radar equation relating 
these factors leads to the concept of back-scattering 
cross section. Back-scattering cross section, ¢, may be 
defined as the area intercepting that amount of power 
which, when scattered isotropically, produces an echo 
at the transmitter equal to that observed from the 
target. Mathematically, 


4m R?(S 4”) 9-0 


SZ (1) 


o 


where (.S,”) 929 is the radial component of the Poynting 
vector of the scattered wave in the backward direction 
(@=0), S;4 is the magnitude of the Poynting vector of 
the incident beam (incident direction 6=7), and R 
represents a large radial distance from the scatterer to 
the point where (S,”)9~o is evaluated. 

It is convenient to normalize this cross section by the 
approximate geometric cross section, og, obtained from 
geometrical optics. 


og = TR,-R, (2) 


where R; and R, are the two principal radii of curvature 
at the point of reflection. For nose-on incidence of the 
beam upon a prolate spheroid, the geometric cross sec- 
tion is 

Ce Danae 


where 0 and a are the semiminor and semimajor axes 
respectively. The size of the prolate may be conven- 
iently defined by the dimensionless parameter, a, which 
is defined as 


she 


where k =27/) is the wave number, and ) is the wave- 
length of the incident field. 


RESULTS AND CONCLUSIONS 


The values of the radar back-scattering cross section 
computed from three different theories are presented in 
Figs. 1-3, as a function of the dimensionless parameter 
a. These figures show three different shapes of conduct- 
ing prolate spheroids (axis ratios b/a) characterized by 
the values b/a =0.4167, 0.5528, 0.639. 

Fig. 4 shows the comparison of the approximate solu- 
tions with the exact values obtained from Schultz’s 
solution. The effect of the shape of the prolate spheroidal 
target on radar echo is shown in Fig. 5 by a comparison 
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Fig. 2—Comparison of back-scattering cross sections as computed 
from Schultz, Stevenson, and Gans for axis ratio of 0.5528. 


with the back-scattering cross section of spheres having 
the same volume. The curves in Fig. 5 are extrapolated 
to an axis ratio b/a=0.2 [see 4]. 

The results indicate a substantial decrease in the 
values of the radar back-scattering cross sections as the 
shape of the equivolumetric scatters vary from spher- 


ON ANTENNAS AND PROPAGATION 


January 


Legend 
Axis Ratio bo=639 E=130 


— — GANS-RAYLEIGH 
(Ist order approximation) 


e STEVENSON 
(3rd order approximation) 


SCHULTZ 
(exact solution) 


=O 


~ Ol OfSeee Ore 03 0.4 


Fig. 3—Comparisons of back-scattering cross sections as computed 
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ical to thin prolate spheroidal shapes. For a prolate of 
axis ratio b/a =0.8, a=0.8, the ratio o sphere/o prolate 
is about 1/2 and decreases to a value of approximately 
1/200 for a prolate spheroid of axis ratio b/a=0.2, 
a=0.8. 

Figs. 1-3 suggest that the Rayleigh- (hank first order 
solution is not adequate in the size range a>0.3. How- 
ever, Stevenson’s third order solution’ yields results 
nearly identical with the exact values in the size range 
a<1.0. 
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An Experimental Investigation of Cavity- 
Mounted Helical Antennas* 
A. BYSTROM, Jr.t, anp D. G. BERNTSEN} 


Summary—This paper presents the results of an experimental in- 
vestigation which led to the development of cavity-mounted helical 
antennas for airborne applications. The effects on patterns and im- 
pedance of various antenna parameters, such as number of turns, 
cavity size and shape, helix pitch angle, and conductor size, were 
investigated. 

Methods of feeding the helix which produce an input impedance 
near 50 ohms, without external compensation, throughout the axial 
mode frequency range are discussed. Some of the types of cavity- 
mounted helices developed and typical performance data are de- 
scribed. 


INTRODUCTION 


N RECENT years the need for broadband ellipti- 
if cally-polarized antennas which can be flush mounted 

on high-speed aircraft has increased. The helix 
inherently fulfills the broadband, elliptical polarization 
requirements and, in addition, is mechanically simple 
and relatively small in terms of wavelengths. While 
helices mounted on a ground plane have been often 
discussed in the literature,! it has been necessary to 
investigate and develop cavity-mounted helices to sat- 
isfy the flush-mounting requirement. 


* Manuscript received by the PGAP, January 21, 1955; revised 
manuscript received September 8, 1955. 

t Boeing Airplane Company, Seattle, Wash. 

1 While the references are too numerous to list completely, very 
thorough discussions of helix characteristics are given by J. D. Kraus, 
“Antennas,” McGraw- Hill Book Co., Inc., 1950; ch. 7, and “The 
helical antenna,” Proc. IRE, vol. 27, pp. 263- DD: March, 1949. 


Basic HELIX TYPEs 


Each of the three fundamentally different types of 
helices studied by other investigators? with the helices 
mounted on a ground plane—the tapered helix, the 
small end-loaded helix, and the uniform or cylindrical 
helix—has proved useful for cavity applications re- 
quiring performance characteristics similar to those of 
the ground plane mounted helix. The tapered helix 
shown in Fig. 1(a) is, in its present design, normally 
used as a broadband receiving antenna where band- 
widths exceed an octave and some beam tilt away from 
the helix axis can be tolerated. The small, end-loaded 
helix shown in Fig. 1(b) was developed for use in the 
lower frequency ranges where physical size was an im- 
portant consideration and some deterioration in elec- 
trical characteristics was acceptable. A typical cavity- 
mounted cylindrical helix, shown in Fig. 1(c), was de- 
signed for optimum performance with a minimum of 
compromises and generally provides the best perform- 
ance in most applications. 

The cavity-mounted cylindrical helix has an input 
impedance near 50 ohms and a broad, single-lobed 

2 Tn addition to the literature already cited, tapered, and small, 
end-loaded helices are discussed in detail in P. W. Springer, “End- 
loaded and expanding helices as broadband circularly polarized ra- 
diators,” Proc. Natl. Electr. Conf., vol. 5, pp. 161-171; 1949, and J. S. 


Chatterjee, “Radiation field of a conical helix,” J. Appl. Phys., vol. 
24, pp. 550-559; May, 1951. 
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Fig. 1—Three types of cavity-mounted helical antennas. 


radiation pattern, approximately circular in both cross 
section and polarization, with an axis that coincides 
with the helix axis. With the helix circumference equal 
to one wavelength at the center of the band, a band- 
width of nearly an octave is obtained. Since the cylin- 
drical helix is generally the most useful, this paper is 
concerned primarily with this helix type. 


EFFECT OF HELIX AND CAVITY 
PARAMETER VARIATIONS 


Data shown in Fig. 2 illustrates* the effect of the 
number of helix turns on the pattern half-power beam- 
widths with the helix coils mounted in square cavities. 
In general, except for the spread of points at the low 
end of the band, largely due to pattern shaping, the 
half-power beamwidths are independent of the number 
of helix turns used. Other data indicate similar results 
for axial ratio and impedance with helix coils of 2 to 6 
turns. (Axial ratio as used here is defined as the ratio of 
the major axis to the minor axis of the polarization 


3 When normalizing frequency for illustrations, the frequency at 
which Fn=1 was taken is either at the low end of what was consid- 
ered to be the useful band of the antenna, or at the low end of the 
band for which the unit was being developed. 
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Fig. 3—Effect of cavity size on patterns, axial ratio, and vswr (two-turn helix). 


ellipse measured on the helix axis.) While no particular 
improvement in performance resulted from using a 
helix with more than 2 turns, both pattern and imped- 
ance characteristics became less desirable as the num- 
ber of turns was decreased below 2. 

Cavity size was an important pattern determining 
parameter as can be seen in Fig. 3 where beamwidth, 
vswr and axial ratio are shown for various size cavities. 
As expected, the half-power beamwidths tend to be 
narrower for the larger cavity sizes. Also the beam- 
widths measured and those estimated on the basis of 
uniformly illuminated apertures* are in approximate 
agreement for both square and round cavity shapes. 
Axial ratios measured are generally higher than those 
for the helix mounted on a ground plane, but this effect 
could be reduced by proper choice of other parameters. 
While helix pitch angles between 10 degrees and 20 
degrees were examined, 12 degree and 14 degree angles 
were used in most of the parameter studies. A pitch 
angle of 12 degrees was found to provide a minimum 
helix height without sacrificing performance character- 
istics. 

For a given physical helix diameter, a usable band- 
width of nearly an octave is obtained when the helix 
circumference is equal to one wavelength at the center 
of the band, as in most cases illustrated here. In appli- 
cations where the required bandwidth is considerably 
less than an octave, the helix diameter can be chosen 


4S. Silver, “Microwave antenna theory and design,” M.I.T. Rad. 
Lab. Ser., vol. 12, ch. 6, McGraw-Hill Book Co., Inc., New York, 
N: Y..; 1949, 


so that the portion of the usable bandwidth which best 
satisfies pattern requirements is utilized. 

Helix conductor diameters approximately equal to 
1/15 of the mean helix coil diameter appear to be near 
optimum for lowest axial ratios, although this is not 
critical. The choice of conductor diameter for use in a 
particular antenna design usually is a compromise 
between allowable axial ratio and other considerations, 
such as impedance, efficiency, power level, and mechan- 
ical design. 

Effects due to the existence of dielectrics in the an- 
tenna cavity were also investigated. It was found that 
the dielectric support structures used within the helix 
coil did not alter pattern and impedance characteristics 
appreciably, but dielectrics in the cavity outside the 
helix coil affected both patterns and impedance al- 
though, in certain cases, this effect could be used to ad- 
vantage. 

The vswr and the axial ratio, for example, can be 
reduced by proper choice of radome materials and 
dimensions. In this case, the use of a radome cover 
provides a convenient form of impedance and pattern 
compensation of the aperture discontinuities. How 
well this effect can be utilized depends, of course, on 
other antenna parameters as well as the type and thick- 
ness of radome which can be used. 


Metuops USED TO FEED THE HELIX 


The point at which the helix is excited as well as the 
slope of the helix conductor in the vicinity of this feed 
point were found to be very important in determining 


56 IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION 


—HE LIX COAX BONDED 
pe TO BOTTOM OF 


CAVITY 


BOTTOM OF 
CAVITY 


DIRECT CONNECTION TO 
COAXIAL CABLE 


(a) 


HELIX 


BOTTOM OF 
CAVITY 


TAPERED CONSTANT 
IMPEDANCE TRANSITION 
(c) 


January 


BOTTOM 
OF CAVITY 


PANEL TYPE 
COAX RECEPTACLE 


TRANSITION EMPLOYING STANDARD 


TYPE RECEPTACLE 
(b) 


BOTTOM 
OF CAVITY 


STEP COMPENSATED 
IMPEDANCE TRANSITION 


(d) 


Fig. 4—-Various types of coax to helix transitions. 


the input impedances obtained. Impedance and pattern 
studies have shown that more uniform axial ratio and 
impedance characteristics could be obtained by feeding 
the helix on the perimeter rather than radially from the 
center of the helix. In addition, the helix conductor 
slope was reduced for the first one-quarter turn to form 
a conductor over a gound plane transmission line trans- 
former with the change from transmission line to 
radiator being a gradual one. While pitch angles between 
2 degrees and 6 degrees were used for this portion of the 
helix, the optimum pitch angle depends upon the par- 
ticular antenna design and choice of other parameters. 

Detail design of the transition from coax to helix 
used in the perimeter-type feed is governed by electrical 
and mechanical requirements as well as production 
costs. Several types of transitions from coax to helix 
are shown in Fig. 4. A direct connection to the coax, 
as shown in Fig. 4(a), has been used where space limita- 
tions prevent the use of a connector on the bottom of 
the cavity. A very simple transition, suitable for receiv- 
ing antennas, is shown in Fig. 4(b) where a panel mount- 
ing receptacle is attached directly to the helix. The 
constant impedance and step-compensated transitions 
shown in Fig. 4(c) and 4(d) provide the best impedance 
match to 50 ohms and are suitable for use at the same 
power levels as the connector and cable series for which 
they are designed. When the smaller connector types are 
used with low frequency helices, the constant imped- 
ance transition is used to minimize the discontinuity 
between the helix conductor and the small center pin of 


the connector. The step-compensated design provides 
an optimum broadband impedance match for high fre- 
quency helices used with the larger connector types 
where the helix conductor and the connector center pin 
are approximately the same size. 


TYPICAL PERFORMANCE DATA 


Fig. 5 illustrates the electrical characteristics of a 
typical two-turn cavity-mounted helical antenna. The 
aperture used in this unit was .6\ square at Fnu=1 and 
was not covered with a radome. 

While pattern beamwidth and axial ratio bandwidths 
are dependent upon exact performance requirements, 
the antenna shown here is considered to have a useful 
bandwidth of 1.7:1 with half-power beamwidths be- 
tween 80 degrees and 50 degrees, on-axis axial ratios 
below 4 db, and negligible pattern tilt. This example 
does not illustrate the best results obtained; however, 
improved performance usually results in slightly re- 
duced bandwidths in the order of 1.6:1 or 1.5:1. 

Impedance bandwidths are determined by the allow- 
able vswr requirements and also by the type of coax to 
helix transition used. Smith Chart impedance plots for 
antennas with two types of transitions are shown in Fig. 
6. If an impedance compensated transition is used, a 
very good impedance match to 50 ohms can be ob- 
tained without excessive difficulty, as shown in Fig. 
6(a). This particular antenna had vswr values gen- 
erally below 1.2:1 over nearly a 1.6:1 bandwidth. Fig. 
6(b) shows that the tapered, constant impedance 
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Fig. 5—A typical two-turn cavity mounted helical antenna and its performance characteristics. 
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transition provides a reasonable match to 50 ohms 
without any special impedance compensation. 

High altitude and rf power tests have shown the two- 
turn cavity mounted helix to be well suited to trans- 
mitting applications. The maximum voltage gradient 
measured on the helix conductor did not exceed the gradi- 
ent in 50 ohm air-filled coaxial line with a center con- 
ductor equivalent to the helix conductor. 


CONCLUSION 


The cavity mounted helical antenna can be a useful 
addition to the antenna field in applications requiring 
relatively small, broadband, elliptically-polarized an- 


January 


tennas which can be flush mounted on high speed air- 
craft. The antenna design lends itself to scaling for oper- 
ation in a wide choice of frequency bands and applica- 
tions ranging from simple receiving to high-powered 
transmitting antennas. 
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Radiation Patterns of Unsymmetrically Fed 
Prolate Spheroidal Antennas* 
H. A. MYERS} 


Summary—This paper describes the radiation pattern of the un- 
symmetrically-fed prolate spheroidal transmitting antenna. Max- 
well’s equations are solved in prolate spheroidal coordinates subject 
to the boundary conditions. The prolate spheroidal functions are ex- 
pressed in the form of power series and Laurent series. Radiation 
patterns have been obtained for antennas of three different lengths 
up to about one wavelength long, for length/thickness ratios of about 
5/1, 10/1, 22/1, and 316/1, and for nine unsymmetrical gap locations 
as well as for the symmetrically-fed cases. It was found that the two 
most important factors affecting the radiation pattern of a fairly thin 
antenna were the location of the gap and the electrical length. For 
antennas less than a half wavelength long, the pattern was the usual 
symmetrical figure eight and was essentially independent of the lo- 
cation of the gap (except for magnitude changes due to the different 
gap impedances). For antennas two-thirds to three-quarters of a 
wavelength long the figure eight patterns could be ‘‘bent’’ in the di- 
rection of the longer element, and for antennas one wavelength long 
or longer minor lobes began to appear. 


INTRODUCTION 


HE PROBLEM of the forced oscillations of a 
O| nae spheroid was first considered by Page and 

Adams,! who treated the case of the thin spheroid 
driven by a plane wave whose electric field was parallel 
to the major axis. This would correspond to the case of 
the receiving antenna with its gap or feed point shorted 
out. Some of the ideas used here in constructing radial 


spheroidal functions were first presented by Page and 
Adams. 


* Manuscript received by PGAP, May 9, 1955; revised manu- 
script received September 8, 1955. 

This paper is an extract from a Ph.D. thesis submitted at Michi- 
gan State College. The work was done under a U. S. Signal Corps 
Contract. 

t Electronics Div., The Rand Corp., Santa Monica, Calif. 

1L. Page and N. I. Adams, “The electrical oscillations of a prolate 
spheroid, I,” Phys. Rev., vol. 53, pp. 819-831; May 15, 1938. 


Chu and Stratton? attacked the case of the center-fed 
prolate spheroidal transmitting antenna by different 
methods and obtained curves from which the imped- 
ance at the gap can be estimated. The basic electro- 
magnetic theory used in this paper follows the analysis 
of Chu and Stratton as elaborated by Schelkunoff.’ 

R. M. Ryder* extended the work of Page and Adams 
by investigating the behavior of the harmonics due to 
forced oscillations by perturbation methods. In a second 
and third paper, Page® treated the more general vector 
wave equation and extended his previous results for 
the thin receiving antenna. 

The problem of determining the current distribution 
and impedance of an unsymmetrically driven cylindrical 
antenna was formulated by Ronold King,® who made use 
of an integral equation which he solved by the method 
of successive approximations to obtain general ex- 
pressions for the current and impedance. He was able 
to find a simple approximate expression for the imped- 
ance of the unsymmetrically driven antenna involving 
a series combination of the known impedances of sym- 
metrically driven antennas. The impedance and current 
distribution for a cylindrical antenna of length 3\/4 


?L. J. Chu and J. A. Stratton, “Forced oscillations of a prolate 
spheroid,” J. Appl. Phys., vol. 12, pp. 241-248; March, 1941. 

5S. A. Schelkunoff, “Advanced Antenna Theory,” John Wiley 
and Sons, New York, pp. 111-125; 1952. 
_ 4R.M. Ryder, “The electrical oscillations of a perfectly conduct- 
Waeadeets spheroid,” J. Appl. Phys., vol. 13, pp. 327-343; May, 


° L. Page, “The electrical oscillations of a prolate spheroid, II and 
III,” Phys. Rev., vol. 65, pp. 98-117; February 1 and 15, 1944. 
_ © Ronold King, “Asymmetrically driven antennas and the sleeve 
dipole,” Technical Report No. 93 for Office of Naval Research, Cruft 
Lab., Harvard; 1949. 
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driven \/4 from one end were evaluated and the broad- 
band properties were discussed. 

The theory and tables of prolate spheroidal functions 
were first published by Stratton, Morse, Chu, and 
Hutner,’ hereafter referred to as Stratton et al. The 
equations they solved were more general than the 
Maxwell equations in spheroidal coordinates in that 
they include the latter as a special case. This work was 
extended by Spence® and most recently by Hatcher.® 
Many of the values for the norms and the radial func- 
tions used in this paper were taken from the tables 
worked out by Spence and Hatcher. 

The particular problem studied in this paper is the 
unsymmetrically-fed prolate spheroidal transmitting 
antenna. Radiation patterns have been obtained for 
antennas of three different lengths up to about one 
wavelength long, for length/thickness ratios of about 
5/1, 10/1, 22/1, and 316/1, and for nine unsymmetrical 
gap locations as well as for the symmetrically-fed cases. 

The prolate spheroidal configuration was chosen for 
the following reasons. The integral equations for the 
cylindrical antenna are very complicated and a large 
amount of computing is required to find even a first ap- 
proximation to the solution. Moreover, the approxima- 
tion involved in replacing the cylinder by the spheroid 
is probably better than the approximations one must 
use in solving the integral equation.!° In addition, pro- 
late spheroids are good approximations to the bodies of 
missiles and so have a physical counterpart in their own 
right. The problem of end effects which enters the 
cylindrical antenna and is of considerable importance is 
eliminated by going to the prolate spheroid. Also, by 
eliminating these end effects, more attention can be 
given to the unsymmetrical effects and the spheroidal 
functions themselves. 


ANALYSIS 


The prolate spheroidal coordinate system is shown 
in Fig. 1. The radial and angular variables are taken as 
u,v, and ¢, and the development of Maxwell’s equations 
follows that of Schelkunoff’s.1! Thus the equations to be 
solved are: 


2 


(u? — 1) + (cu? — k)U =0 (1) 


du? 


and 
2 


(1 — v?) + (k — c¥v)V = 0, (2) 


dv? 


7 J. A. Stratton, P. M. Morse, L. J. Chu, R. A. Hutner, “EI- 
liptic Cylinder and Spheroidal Wave Functions,” John Wiley and 
Sons, New York; 1941. ; 

8 R. D. Spence, “The scattering of sound from prolate spheroids,” 
Final Report, Office of Naval Research, NONR-02400; 1951. 

9. C. Hatcher, Jr., “Radiation of a point dipole located at the 
tip of a prolate spheroid,” J. Appl. Phys., vol. 25, pp. 1250-1253; 
October, 1954. 

10 R. M. Ryder, “The electrical oscillations of a perfectly conduct- 
ing prolate spheroid,” J. Appl. Phys., vol. 13, p. 327; May, 1942. 

1S, A. Schelkunoff, “Advanced Antenna Theory,” John Wiley 
and Sons, New York, p. 111; 1952. 
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subject to the boundary conditions 
Ui(u) ~ e*™ as uo, (3) 


and 


Fig. 1—The prolate spheroidal! coordinate system. 


The auxiliary wave function A which can be made to 
satisfy the boundary conditions on the surface of the 
spheroid by the proper choice of values for the a, is, 
after Schelkunoff, 


Asa ALOU: (5) 


If the gap or feed point is small compared with the 
length of the antenna and the applied field is assumed 
to be concentrated in the gap, the expression for the 
Gy is 


BLV x,(vo) 


in inN,U xy’ (to) io) 


where B=27/X, L is the semifocal distance, vo is the 
value of the angular variable at the center of the gap, 
V? is the magnitude of the voltage applied at the gap, 
i=/—1, 7 is the impedance of free space, U;,'(uo) is 
the derivative of the radial function evaluated at 
U =U (the value of the radial variable at the surface of 
the antenna), and JN, is the normalizing factor (norm)® 


1 
Ny = (1 — v?)—!V;,,7(v) dv. (7) 
=1 


Further analysis“ indicates that larger gap widths and 
different methods of feeding the antenna yield only 
slightly different values for the a,; the effect of these 
variations is negligible insofar as the radiation patterns 
are concerned. 


12 Thtd., p. 116. 

13 Tbad., p. 115. 

14H. A. Myers, “The unsymmetrically fed prolate spheroidal an- 
tenna,” Ph.D. thesis, Michigan State College, 1954. 


60 IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION 


The solution of (2) was taken in the form of a power 
series: 


ioe) 


Vio) = >> ‘eno. (8) 


n=0,1 
The c, satisfy the following recursion formula: 


—(n + 2)(m + 1)en4e 
+ [n(n — 1) — RJen + Cen» = 0, (9) 


where c=BL, and the prime on the summation indicates 
that the sum is taken over the c’s with even subscripts 
if m starts with zero, and over the odd subscripts if 2 
starts with one. The values of the separation constant 
k, used in this paper were taken from the eleven place 
tables recently computed by the Bureau of Standards. 

The solution of the radial (1) can be expressed in 
many ways. One expression for U;(u) which satisfies 
the boundary condition, (3), is 


U;(w) emt Fe a,(iu), 


n=0 


(10) 


iy = 1h, 


The argument in the power series was taken as (zu) 
so that the a, would all be real. Substitution of this 
expression in (1) leads to the recursion formula for the 
Ci: 


Qc(n + 1)dns1 + [(m + 1)n + 2 — Ran 
+ 2c(m — 1)adn_1 + (nm — 1)(m — 2)an_2 = 0. (11) 


McCrea and Newing® have proven the existence of 
series solutions satisfying the boundary conditions for 
the generalized spheroidal wave equation, and there- 
fore (10) can converge and represent U;(w) for | 2| Pi Ie 
Computations indicated that the series did, in fact, 
converge if and only if k=k,, where k, is one of the 
eigenvalues of the differential equation. 

For thin antennas it is necessary to evaluate the 
radial functions U;(u) for values of uo in the neighbor- 
hood of one, and this is just the region for which the 
convergence of (10) is very slow. One form of U;(z) 
which does converge rapidly was taken as 


Ui(u) =U + U® (12) 
where 
UO = bluse (13) 
iv 
and 
TOM FO a 4 ha aap 


n=0 


18 W. H. McCrea, and R. A. Newing, “Boundary conditions for 
the wave equation,” Proc., London Math. Soc., vol. 37, pp. 520-534; 
1934. 
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Unfortunately, this expression for U;,(u) cannot be con- 
veniently expanded in powers of u in order to correlate 
it with (10), which satisfies the boundary condition at 
infinity. 

Still another expression for U;(u) is the Laurent series 


U,(u) = >> fru”. 


(15) 
The series of terms with positive exponents converges 
rapidly in the neighborhood of u=1, but the series of 
terms with negative exponents converges too slowly for 
computational purposes. However, this difficulty was 
avoided by picking the series with negative exponents 
out of the U(4)In(w?—1) term of (14). Thus 
(u — 1) 
In (wu? — 1) = In ———— + 2 ]n (wu + 1) 


16 
(uw + 1) 9 


and 
a=) 1) 
In ————— 
(u + 1) 


can be expanded in powers of u with negative exponents. 
Following this line of reasoning, the complete expression 
for U;(u) for ko, Re, ka, - - - can be written as 


U,(u) = Ad 'cau™ + Yop” 


n=0 n=1 


U 


+ B( D> /cnu” In 


oad 1 co 
2 Ditto. 

ise aig Eau’) ae 
The first term in (17) is actually V;,(v), as can be seen 
from (8); co is taken as unity, for convenience. The 
constants A, C1, C3, Gs, ---, B, and D,, D3, Ds, - ++ are 
obtained and checked by comparing coefficients of like 
powers of uw in (17) and (10). 

To obtain the derivative of the radial function U;’(u), 
it is only necessary to differentiate each term in (17). 
Since the constants have already been determined, 
only the derived series need be summed again because 
of the factor of ~ that was introduced by the differ- 
entiation. : 

The radial functions for the k’s with odd subscripts 
are computed in exactly the same way, the only differ- 
ence being that the summation over the odd powers in 
the previous case are now taken over the even powers, 
and vice-versa. Thus, for ki, ks, ks, etc., 


U(u) = Ad) 'cnu* + >> cu 


n=1 n=0 


ee) — 1 °° 
a B( Sour in 4 2 D'Dau). (18) 


n=1 


n=0 


In this case, c; is taken as unity, and the constants A, 
Co, C2, C4, > ++, B, and Do, Do, Ds, - - - are obtained in 
the same manner as before. 
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Finally, if a sufficient number of significant figures 
have been retained in the computation of the radial 
function and its derivative, a good check on the accu- 
racy of U;,(w) and U;’(u) can be obtained by the use of 
the Wronskian. If one writes 


U,(u) = Ui + U2 (19) 


where U; is the real part and U, is the imaginary part, 
including the 7, substitution of U: and Uy» into (1), 
multiplying the first by U. and the second by Uj, and 
subtracting the two resulting equations leads to 


U3Uy” aed U0 5" — 0, (20) 


or, equivalently, 


ALO = (Gi Olexe a (G. (21) 


where C is a constant that can be determined from the 
behavior of the radial function at infinity. Thus, as x 
approaches infinity 


Ui ~ cos (cu), U,~ — isin (cu) 


U;' ~ — csin (cu), U.! ~ — ic cos (cu), 


and therefore 


WANs: — UU,’ = UG, (22) 


which is the simple condition that the calculated values 
of the radial functions and their derivatives must 
satisfy. 


RADIATION PATTERNS 
Once the spheroidal functions have been evaluated, 
it is a simple matter to compute the coefficients a, in 
(6) and then the auxiliary wave function A of (5). 
From Schelkunoff}* the expression for His 


1 
Hy = — |G — 0 — a) 1. (23) 


The mean intensity of energy flow in the far zone is 
| wow hae Fe ' 
S = ro HH3. Hg is the complex conjugate of Hy. (24) 


For convenience in computation, 2777S’ was actually 
plotted, and so to obtain a numerical value for the 
radiation intensity for a particular antenna in a given 
direction, one must divide the plotted value by 240zr? 
(for free space), where 7 is the distance from the center 
of the spheroid, and multiply by the voltage at the gap 
squared, since the applied voltage was taken as unity 
for these patterns. The units for S will then be in watts 
per square meter. 

As can be seen from the curves, the radiation pat- 
terns vary with the width of the antenna, the electrical 


16 Schelkunoff, op. cit., p. 113. 
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length, and the location of the gap. For the thicker 
antennas the derivatives of the radial functions are not 
as large, other parameters held constant, and so the 
higher order a,, are somewhat larger, and therefore the 
unsymmetrical effects are slightly greater. This effect 
is most easily seen for the case c=2, in which the radia- 
tion patterns are plotted for three rather widely vary- 
ing L/D ratios—10/1 (u)=1.005), 22/1 (mw o=1.001), 
and 316/1 (w)=1.00001). Fig. 2 shows the relative 
shapes of the antennas. Fig. 3 shows the gap locations. 


Ug= 1.020 


Ug= 1.005 


Ug = 1.001 


| | 
| 
| 
eee nes eee AE ye 


Fig. 2—Prolate spheroids. 


Pt Pa eee 


Voz 0.4 


a) 
Vo = 0.8 


Fig. 3—Gap locations (uo = 1.005). 


As the antennas become longer electrically, the un- 
symmetrical effects are more pronounced. Thus, for 
c=1)" (Fig. 4) the unsymmetrical effect is negligible 
for almost any gap location, whereas for c=2 (Fig. 5) it 
becomes quite noticeable, and for c=3 (Fig. 6, p. 64) it 
is very pronounced, with small lobes also occurring for 
the unsymmetrical feeds. For a further investigation 
the most interesting cases would occur between c=2 
and c=3 in that for certain gap locations these cases 
would produce the most unsymmetrical patterns with 
negligible spurious lobes. These patterns could be ob- 
tained relatively easily, because convergence of series 
for A, (5), is very good in the far zone. 

The location of the gap, of course, contributes greatly 
to the asymmetry of the radiation pattern. The size of 
the radiation pattern is an indication of the impedance 
at the gap, because the same voltage was assumed in 
every case. Thus, for locations near one end of the 
antenna the impedance is higher, and therefore the cur- 
rent and the radiated power are lower. 


17 ¢ is defined such that the interfocal length is c\/7. The distance 
of the gap from the center is VoL, where L is the semifocal distance. 
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Up =!.001 
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Ug =!.005 


1 
Fig. 4—Radiation patterns: c = BL = 1 (2 = =). 
Tv 


CONCLUSIONS 

The angular functions of the wave equation in pro- 
late spheroidal coordinates were obtained in the form 
of a power series expanded about the origin. This form 
has the following advantages: 1) The angular functions 
have a simple recursion formula and are therefore easily 
computed. 2) The functions can be easily evaluated for 
any value of the variable, in contrast to angular func- 
tions that depend upon tables of associated Legendre 
polynomials. 3) If the applied field can be expressed in 
any of a number of simple closed forms, use of the 
orthogonality properties leads to an integral expression 
for the coefficients in the series expansion of the solu- 
tion [the a, of (6)] that can be evaluated by elementary 
methods. The disadvantage of the power series repre- 
sentation is that the norms are not as easily computed as 
they are by other methods. 


The radial functions were obtained in the form of a 
Laurent series. This method is valuable in that it fur- 
nishes an independent check on the values of the radial 
functions obtained by other methods. In addition, 
there is a complete check at almost every step of the 
computations. A disadvantage is that, in its present 
form, it is not convenient for computation of radial 
functions for a large number of L/D ratios for the same 
c and y values. However, usually only two or three dif- 
ferent L/D ratios are required, and the computation of 
radial functions for extra L/D values would require 
only a small fraction of the time spent in computing the 
radial constants. 

Radiation patterns have been obtained for antennas 
of three different lengths up to about one wavelength 
long, for length/thickness ratios of about 5/1, 10/1, 
22/1, and 316/1, and for nine unsymmetrical gap loca- 
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U,= 1.00001 


u,2 1.005 


2 
Fig. 5—Radiation patterns: ¢ = BL = 2 (2z = =x), 
Tv 


tions as well as for the symmetrically-fed cases. It was 
found that the radiation patterns depended primarily 
on the frequency of the source and the gap location. 


The tables for the angular and radial functions and 
their related constants will be included in a forthcoming 
report for the Office of Ordnance Research. 
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Optical Fresnel-Zone Gain of a Rectangular Aperture’ 
CHARLES POLK} 


Summary—An equation for the on-axis gain of a uniformly il- 
luminated rectangular aperture is derived which is valid in the ‘“‘Op- 
tical Fresnel Zone.” This equation is formulated in terms of the or- 
dinary radiation field gain multiplied by a correction factor which 
depends upon the aperture dimensions and the distance, R, from 
the aperture at which the gain is measured. A table of the function 
[C’(v)+S(v) ]/v? is given; C(v) and S(v) being the Fresnel integrals. 
The gain of a square aperture (L XL meters) in the Fresnel-zone 
region is compared with the gain of a circular aperture and it is 
shown that for apertures of equal area Gsquare<Geircle When (L?/)) 
<R<(2L?/h); it is also shown that G.quare has minima, but not zeros 
at R=L?/7.30\, R=L?/15.24\. Furthermore it is shown that for 
R=L?/2) the first order gain correction factor of a square aperture 
is equal to the gain correction factor of a circular aperture having a 
diameter equal to 1.208 times the sidelength of the square. An ap- 
proximate formula for the Fresnel-zone gain of a long and narrow 
aperture is also given. 


INTRODUCTION 
ieee UPON scalar diffraction theory the Fres- 


nel-zone or “Quasi-Fraunhofer” gain of a uni- 

formly illuminated circular aperture has been 
given by Silver; his result has been extended to certain 
types of tapered illumination by Yang.? As far as the 
author knows, corresponding results have never been 
published for a rectangular aperture. 

The problem is of importance when one desires to 
perform antenna gain measurements at distances, R, 
shorter than indicated by the usual far-field limit 
R=2L*/\; L being the largest linear dimension of the 
aperture and \ the wavelength. The results are also 
applicable in certain radio interference problems where 
the field intensity in the Fresnel region is of interest. 

The present paper considers only the uniformly il- 
luminated aperture having zero phase-error. It will be 
shown that the Fresnel gain correction factor for such 
a rectangular aperture differs significantly from the 
corresponding simple (sin x/x)? factor of a circular aper- 
ture even if the aperture is a square. This is particularly 
true at distances d such that the (sin x/x)? factor would 
predict zero gain. 

For reference and comparison with the result given 
in the next section, the Fresnel-zone gain of a circular 
aperture is quoted from Silver! 


sin x\? 
Gol ) (1) 
x 


* Manuscript received by the PGAP, July 30, 1955. This work 
has been made possible by the support of the U. S. Air Force’s Air 
Research and Development Command, Rome Air Development Cen- 
ter, under Contract AF 30(602)-583. } ; 

+ Moore School of Elec. Engrg. Univ. of Pennsylvania, Phila- 
delphia, Pa. 

1S. Silver, “Microwave antenna theory and design,” M.I.T. Rad. 
Lab. Ser., vol. 12, McGraw-Hill Book Co., Inc., New York, N. Y., 
p. 199; 1949, : 

2R.F. H. Yang, “Quasi-Fraunhofer gain of parabolic antennas,” 
Proc. I.R.E., vol. 43, p. 486; April, 1955. 


(C= 


where 


Go=true Frauenhofer gain 
x =ka?/4R 
k=27r/d 


a =radius of circular aperture. 


MATHEMATICAL DERIVATION 


In terms of the symbols defined in Appendix II and 
on the basis of scalar diffraction theory the field at a 
point P, due to the aperture shown in Fig. 1, is given*® by 


e thr 


1 
Toe Pe 
al (&, n) ‘i 


1 
1G. + -) bet jis} dédn. (2) 
rt 


P (x,y,z) 


Fig. 1—Coordinate system. 


The following approximations are made when the 
field in the optical-Fresnel zone is to be computed: 


1) (1/r)<«k. 

2) The variation of 7,-7; over the aperture is neg- 
lected, we use 7,:7; ~7,: Ri. 

3) As different points on the aperture are considered 
the change in the value of 1/r outside the bracket 
in (2) is neglected. We let (1/7) ~(1/R). 

4) In the phase term exp (—jkr) we note that 


r= [(@- 8+ 0-9 +2)" 
and for 2>|x—£|, |y—n| we write 


ee 2 on 2 
ical? eg 1) 


= 2-+- fo. SI 
22 22 (3) 


The approximation indicated by (3) differentiates the 
Fresnel field from the Fraunhofer field. In the analysis 
of the latter, one generally neglects all terms above the 


3S, Silver, op. cit., p. 170. 
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first order in £ and 7; thus, still employing rectangular 
coordinates, one would write for the Fraunhofer field 4 


[QO] 


| a2 we y? ue g? ]i/2, 


m= 
v 


R 


I| 


Eq. (2) reduces for the Fresnel region to 


i aad) ; ae 
U,=— F(é, n)e~7*"e(cos 6 + 7,-5)dédn. 5) 
Sar mel y (é, 0) ( ) ( 


For uniform unit amplitude, F(£, 7) =1, and uniform 
phase, 7,-5=1, one obtains from (5) 


e ike 
if e—tkradédn. (6) 
A 


j 
U, = —(cosé?@+1 
: ma ) R 


In particular, the expression for the field at a point P 
on the zg axis is given, from (3) and (6), by 


j eIkR &=L1/2 n= L,/2 
Uv, = — it f eTRE'/2Re—ihn Rnd é., (7) 
Ase $—1y/2 J ple? 


Substituting kR=2r/X and u=£/r/RA, P=nV/7/RA 
and writing (7) as the product of two integrals, we ob- 


tain 
j ny 2 at 2 
Uv, =— conf ea au [ e 1? dp. (8) 


T —u9 —po 


These integrals can be evaluated in terms of the Fresnel- 
integrals tabulated in Jahnke and Emde’; letting v and ¢ 
be arbitrary variables, we write 


Co) = i} “cos Pdi (9) 


SG) il sine ede (10) 
pred 


C(v) and S(v) are related to the integrals f sin v’dv and f[ 


cos vdv by® 
T 7S 
— c(4/— ») + constant (11) 
D vig 


i cos vd 
T a) 
f sin v?dv 58 s(4/— s) + constant. (12) 
Tv 


We also note’ that both C(v) and S(v) are odd functions: 
C(—v) =—C(v). Thus 


+09 ay a 
it cos v2dy = Vinc( 4/— v) 
eae vg 


4 Ming-Kuei Hu, “Study of near-zone fields of large aperture 
antennas,” Interim rep. No. 1. October, 1954. Contract AF 30(602)-— 
928. Syracuse Univ. Res. Inst., Elec. Engrg. Dept., Rep. No. 
EE282-55411, p. 6. 

5 E. Jahnke and F. Emde, “Tables of Functions with Formulae 
ane Curves,” Dover Publications, New York, Fourth Edition, p. 34; 
1945. 

6 W. Grobner and N. Hofreiter, “Integraltafel, Erster Teil, Un- 
bestimmte Integrale,” Springer-Verlag, Vienna, p. 135; 1949. 

7S. A. Schelkunoff, “Applied Mathematics for Engineers and 
Scientists,” D. Van Nostrand Co., Inc., New York, p. 385; 1948. 


ll 


(13) 
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and similarly 


+v0 ae oe 
il sin v2dv = Vins( 4/ — w). (14) 
=a wT 


Substituting (13) and (14) into (8) and defining 
=u 2/4 =Li//2Rd and py=Le/»/2Rd we obtain: 
Uy = j2e#*®[C(u1) — jS(ar) |[C(ps) — 5S(1)]. (15) 

The square of the absolute value of U; is 
| |? = 4[cru) + 9a) ][C*(p.) + S%(p)]- (16) 


This equation appears, in somewhat different notation, 
in Schelkunoff’s “Electromagnetic Waves.” 
The power transmitted per unit solid angle is given by 


P=R|S| (17) 


where S is the Poynting vector. In free space and for 
steady-state sinusoidal time dependence 


Mee eta 
p= 4/~—|EF 
jae 


Consequently the power per unit solid angle on the 
z axis is given by (16) and (18) as 


(18) 


P. =2R / ~ [C*(ae1) + S%(an) }[C%(p1) + S%(p1)]. (19) 


The total power, W, radiated by the aperture is? 


Lies 
n= 4/ oye (20) 
2 a 
The gain in the gz direction is defined’ as 
We 


Thus, for the rectangular aperture in the Fresnel-zone 


167k? 
G= 


[C2(u1) + S?(a1) }[C?(p1) + S2(p1) |. (22) 


Noting that the gain in the Fraurthofer region is! 
Gy =41A/)*, we divide (22) by u;2p,2 and obtain 


C?(u1) + S?(u1) C*(p1) + S*(pi) 
pr 


G =Go 


(23) 


Uy? 


The function M(v) =[C?(v) + S?(v)]/v? is plotted in Fig. 
2 and given to four significant figures in Appendix I. 


APPROXIMATION FOR R=L?/2n 


Schelkunoff’ gives the power-series expansions of the 
Fresnel-integrals C(v) and S(v). The first three terms of 
the two series are: 


8S. A. Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand 
Co., Inc., New York, p. 367; 1943. 

9S. Silver, op. cit., Eq. 17, pp. 177, 199. 

10 S. Silver, zbid., p. 2. 

1S, Silver, zbid., p. 177. 
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C(v) = v -~ (w?/40)0® + (4/3456) 09 — - - 
S(v) = (4/6)? — (m#/336)0? + (9°/42240)o1 — 


(25) 
este (26) 
If we take the square of first two terms of C(v) and of 


first term of S(v) and neglect all powers of v higher than 
v°, we obtain following approximate expression 


M(v) =~ 1 — 0.2194 + -.-, (27) 
M(v) 
1.0 Ce 
aver jesse dat 
A rie Hae GliviersSav) | 
0.5 | : 
il a | + 
L = aS a 
eee \ i St 
eh ae 
BREESE 
a Ji aca 
peel + iA =| 
\ 
0.02 V 
Cee 
Of ———— | Lian 


C S2 
Fig. 2—The function M(v) = ee! ; 
v 


Comparison with Table I shows that (27) represents a 

very good approximation of M(v) for small v and gives 

M(v) still to within 2.43 per cent when v is equal to 1. 
It is interesting to note v?= 4, = p> =1 corresponds to 


a distance from aperture which is only one-fourth of 
usual far-zone field limit expressed by R2=2L?/X. 


COMPARISON OF FRESNEL-ZONE GAIN OF 
SQUARE AND CIRCULAR APERTURES 


For a square aperture Z;=L.,=L. Accordingly we 


let u; =p, =v; and (24) becomes 
Gia = GoM*(0). (28) 


The corresponding equation for the circular aperture 
was 


Ger = Go(sin %/ x)”. 


Comparing the gain correction factors for square and 
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circular apertures having the same Fraunhofer gain, 
Go, hence for apertures having the same area, we write 


WLP = Gch 
and substituting the value of a? thus determined into 


the expression for x given in the last paragraph of the 
introduction we obtain 


Ll? 
bogs 9 tah (29) 
For the square aperture 
L? 
Bane ere ou 


Therefore the comparison of the gain-correction factors 
reduces to a comparison of (sin x/x)? with M?(v,). Both 
functions are plotted against x =v,’ in Fig, 3. 


1.0 


0.05 


0.02 


0.002 


0.001 


Vile Site 


/2RA 


] 2 
Fig. 3—Comparison of (=) with M?(./2x). 
x 


Two differences are immediately apparent: 

1) Near the outer limit of the Fresnel-zone; 7.e., in 
the region R>L?/5.2\ or x =v,;?<2.6 the correction for 
the square aperture leads to a smaller net gain than the 
correction for the circular aperture. This effect could 
have been predicted immediately by comparing the 
first two terms in the series for M(v,) and for sin x/x: 


ECR es ee 0, 210qMr ee weed) 
(sin 4/%) = 1 — 0.16747 =F > =. (32) 


2 


Vy = x 
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Using the exact values for the two functions from 
tables one obtains 


M(x) S (sin x/x) 4 S520 S) 


2) The gain correction factor for the circular aper- 
ture has zeros at x=nm while the rectangular aperture 
has minima, but not zeros at 12=x =3.65, 7.62. 

The absence of sharp zeros in the Fresnel-zone field 
of a uniformly illuminated square or rectangular aper- 
ture can also be predicted by an approximate analysis 
of the problem employing the method of Fresnel zones” 
indicated by Fig. 4. It is well known that the field at a 
point P on zg axis, due to a circular aperture, is given by 


Up = 3(Ui + Un) 


where U; and U, are the contributions of the first and 
n'th Fresnel zones. Also 


U, = 40, — U,) = 0 for n even. (35) 


Fig. 4—Fresnel zones. 


Examination of Fig. 4 shows that the n’th Fresnel zone 
in a rectangular or square aperture is necessarily incom- 
plete. Therefore one obtains 


Cyr Sand? iG5e>+0; 


It is also interesting to find the relation between the 
diameter of a circle and the side of a square such that 
the first order gain corrections become exactly identical. 
For this purpose we substitute (30) into (27): 


M(v) ~ 1 — w2L4/45(4) R202. (36) 


Further, when definition of x, in introduction, is substi- 
tuted into series expansion for sin x/x, one obtains 
(sin «/x) = 1 — rat/24R202, (37) 


If the correction terms are now equated the result is 


D = 2a = LY/32/15 = L(1.208). (38) 


This diameter is nearly equal to the arithmetic mean 
of the sidelength and the diagonal of the square: 


Dx=L(it,/2)/2. 


2S, Silver, ibid., p. 197. 
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FRESNEL-ZONE GAIN OF A LONG AND 
NARROW APERTURE 


We call an aperture long and narrow when Li>L2 
or L.>L;. We note from (27) and the definition of p1 
that 


0.98 < M(pi:) $1 when RZ 1.65L,2/r. (39) 


Therefore, if Zi>L. such that R21.65L?/X when 
R<«2L,2/d (24) for the gain in the optical Fresnel zone 
reduces to: . 


G =G)M(m). (40) 


The function M(v) has been plotted already in Fig. 2. 


APPENDIX | 
TABLE I 
TABLE OF M(v) AND M?(v) 
_ Cv) + S?(a) 
y2 


M(v) 


This table is based upon the values of C(v) and S(v) given by 
Jahnke and Emde.®¥ In the antenna application of the present pa- 


per: v=L/4/2Rx. 


v ve M(v) M?(v) v v M(v) | Mv) 

0 0 1.0000 | 1.0000 4.0 | 16.00 | .0266 | .0007 
dill .01 | 1.0000 | 1.0000 4,1 | 16.81 | .0330 | .0011 

io 04 .9994 .9988 4.2 | 17.64 | .0346 | .0012 

53 .09 .9982 .9964 4.3 | 18.49 | .0275 | .0008 

4 16 .9945 .9890 4.4 | 19.36 | .0210 | .0004 

£5 25 .9862 .9726 4.5 | 20.25 | .0230 | .0005 

6 36 .9719 .9446 4.6 | 21.16 | .0278 | .0008 

sil .49 .9486 .8998 4.7 | 22.09 | .0255 | .0007 

8 .64 .9134 8343 4.8 | 23.04 | .0185 | .0003 

9 81 .8647 7477 4.9 | 24.01 | .0183 | .0003 
a 1.00 .8004 .6406 5.0 | 25.00 | .0227 | .0005 
ili 2 .7200 .5184 Sl) 26-01 Ge O2TS se O005 
ee. 1.44 .6253 .3910 5.2 | 27.04 | .0163 | .0003 
las 1.69 .5200 2704 5.3 | 28.09 | .0161 | .0003 
1.4 1.96 .4102 . 1683 5.4 | 29.16 | .0197 | .0004 
IVES) DDS 3044 .0927 See) | alee ON | OOS 
16. 2256 .2116 .0448 5.6 | 31-36-0136; |) 0002 
127 2.89 .1406 .0198 5.7 | 32.49 | .0154 | .0002 
il ote |} visi 2 .0971 .0095 528 (13371040) Ol 2a = .0003 
1) jf Sigil .0817 .0067 5.9 | 34.81 | .0134 | .0002 
2.0 | 4.00 .0891 .0079 6.0 | 36.00 | .0125 | .0002 
Da ih 4.41 . 1084 .0118 ea SIA Al ae OMNES COOL 
De, 4.84 .1265 .0160 6.2 | 38.44 | .0133 | .0002 
243 529) 21320 .0174 6.3 | 39.69 | .0109 | .0001 
BAR 58970 .1201 .0144 6.4 | 40.96 | .0134 | .0002 
235 225 .0948 .0090 6.5 342, 25,0) 0125 Fie 0002 
DAS WAKO .0671 .0045 6.6 | 43.56 | .0100 | .0001 
Pil 7.29 .0493 .0024 6.7 | 44.89 | .0120 | .0001 
2.8 7.84 0474 .0022 6.8 | 46.24 | .0114 | .0001 
PO || MR HE .0576 .0033 6.9 | 47.61 | .0092 | .0001 
SOR OF00 .0681 .0046 7.0 | 49.00 | .0112 | .0001 
Sal 9.61 .0680 .0046 7.1 | 50.41 | .0101 | .0001 
Se elOR24. .0556 .0031 7.2 | 51.84 | .0086 | .0001 
Oro LOL eo .0399 .0016 12S 15329 OLO5E O00! 
3.4 | 11.56 .0326 .0011 7.4 | 54.76 | .0087 | .0001 
Sie) |! 74) .0372 .0014 7.5 | 56.25 | .0085 | .0001 
370) | 12896 .0454 .0021 7.6 | 57.76 | .0096 | .0001 
Ball i shee .0456 .0021 LEON SDD) | OOS: | SOOM 
3.8 | 14.44 .0361 .0013 7.8 | 60.84 | .0087 | .0001 
Se OM Srl .0266 .0007 7.9 | 62.41 | .0082 | .0001 


* i: The numerical computations were performed by Miss Rosemary 
uffy, 
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TABLE I (continued) 


v v M(v) M?(v) 
8.0 64.00 .0072 .0001 
8.1 65.61 .0085 .0001 
8.2 67.24 .0067 .00004 
8.3 68.89 .0077 .0001 
8.4 70.56 .0070 .00005 
Sas (ARDS .0067 .00004 


APPENDIX II 
GLOSSARY OF MATHEMATICAL SYMBOLS 


U, = Diffraction field at a point P(x, y, z) in space, 
see Fig. 1. U, has amplitude and phase, but 
it is not a vector. The direction of the electric 
field E,, equal in magnitude to U,, is deter- 
mined by the direction of the electric field in 
the diffracting aperture. 

E, H=Electric and magnetic field vectors. 
£,n=coordinates of a point A in the diffracting 
aperture. 
F(&, 1) =field over the aperture. 
ry =distance from A to P. 
7, =unit vector in the direction from A to P. 
R=distance from the origin of coordinates to P. 
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R, =unit vector in the direction from the origin to 
Ps 

7,=unit vector in the z direction. 

§=unit vector in the direction of a ray at a given 
point on the aperture; $ is normal to the wave 
front at the point. 

6=angle given by i,:R;=cos 6. 

L,=length of the aperture parallel to the x axis. 
L.=length of the aperture parallel to the y axis. 
u=£/7/RX. 

p=nv/1/Rd. 

uo= (L1/2)/x/RX. 
Po = (L2/2)\/ r/R. 
y= 11/7 IRD. 
pfi= L2/4/2RX. 
v, t=arbitrary variables. 
C(v) =f$ sin (7 /2)tdt, Fresnel integral. 
S(v) =f§ cos (1/2)#dt, Fresnel integral. 
P,=power per unit solid angle in the z direction. 
e=dielectric constant of free space. 

w =permeability of free space. 

W =total power radiated by the aperture. 
A =area of aperture =L, XL». 
M(v) =[C?(v) +.°(v)]/0”. 


Some Relationships between Total Scattered Power and 
the Scattered Field in the Shadow Zone* 
J. T. BOLLJAHN} anv W. S. LUCKEt 


Summary—Equations are derived which relate the far-zone scat- 
tered field, as measured in the shadow zone of an electromagnetic 
scatterer, to the total energy scattered and absorbed by the scat- 
terer. In the case of a perfectly conducting scatterer, the energy 
stored in the fields about the scatterer is also related to the far-zone 
scattered field in the shadow zone. 


INTRODUCTION 


HIS NOTE serves to present several relationships 
ik exist between the amplitude of a scattered 
electromagnetic wave and the energy which is 
scattered, absorbed, or stored by the scattering object. 
Although some of these relationships have been de- 


* Manuscript received by the PGAP, April 22, 1955; revised man- 
uscript received September 15, 1955. Sponsored by AF Cambridge 
Res. Ctr, Contract AF 19(604)-266. 

+ Stanford Research Inst., Stanford, Calif. 


duced by others,!~* it is felt that they are sufficiently 
obscure and useful to warrant more widespread publi- 
cation. The relationship involving stored energy ap- 
pears to have particular utility in the study of electro- 
magnetic resonance behavior. It is hoped that it will 


1M. Lax, “On a well-known cross section theorem,” Phys. Rev., 
vol. 78, pp. 306-307; May 1, 1950. 

2H. Levine and J. Schwinger, “On the theory of electromagnetic 
wave diffraction by an aperture in an infinite plane conducting 
screen,” Commun. on Pure and Appl. Math., vol. 3, pp. 355-391; 
December, 1950. 

3 C, J. Bouwkamp, “On the diffraction of electromagnetic waves 
by small circular disks and holes,” Phillips Res. Reps., vol. 5, pp. 
401-422; December, 1950. 

4W.S. Lucke, “Transmission through a rectangular aperture in an 
infinite screen,” Tech. Rep. 25, Contract AF 199(122)78, Stanford 
Res. Inst., Menlo Park, Calif.; September, 1951. 

5V. Twersky, “Certain transmission and reflection theorems,” 
J. Appl. Phys., vol. 25, pp. 859-862; July, 1954. 
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lead to an experimental procedure of sufficient sim- 
plicity and generality to possibly replace better known 
methods. 

The analysis below shows that the sum of the scat- 
tered power and absorbed power due to an arbitrary 
scatterer in a plane wave may be determined by a 
measurement of the scattered field amplitude and 
phase at a single point in the shadow zone. In the case 
of a perfectly conducting scatterer, both the scattered 
power and the mean stored energy in the scattered 
field can be determined by such a measurement. 


x 


e- 


= 


January 
Pee Re [z x H*- nds + Re (pe x H*- nds 
S s 


Bone {@ x H* + Ei x H*)-nds. (4) 
S 


The first integral involves total fields and is seen to be 
equal to minus the total power absorbed by the scat- 
terer. The second integral is equal to the total power 
entering S due to the incident field alone and is hence 
equal to zero. 


Arbitrary 
Scatterer 


Bigs 


ANALYSIS 
Consider an arbitrary scattering object impinged 
upon by a plane wave, as shown in Fig. 1. 
The incident field is given by 
Et = a,Ee-'* 
ae Gee (1) 
T=) OH cert ** 
where 
Eo 
Ho re 
1 


And the total fields are given by 
(2) 
Wei 


where E? and H: are the scattered fields. Define scat- 
tered power® as 


P, = Re [ B He nas (3) 
Ss 


where s is an arbitrary surface enclosing the scatterer, 
and substituting from (2), 


E!'=E-—E* and H°=GH — Fi 


results in the following relationship. 


6 For an extended discussion of the physical meaning of this type 
of definition, see L. Brillouin, “The scattering cross section of spheres 
for electromagnetic waves,” Jour. Appl. Phys., vol. 20, p. 1110; No- 
vember, 1949. 


Thus, 


P,P, = Re [ Ex W*-nds 


S 
ie [® x T*-ids (5) 
S 


where P, is the total power absorbed by the scatterer. 
Applying (2) again to remaining integrals, and noting 

again there is no net power flow into S due to in- 

cident wave alone, (5) may be rewritten as follows 


PS ova; ee {= xX H*- nds 
s 


— Re {® xX H**- ads. (6) 
s 


Substituting now for EZ‘ and H‘ from (1), this expression 
reduces, after some manipulation of the vector quanti- 
ties, to 


1 io ‘C 
Ps+ Pa = — EyRe |—f efkeq,- (a & B*)ds 
nS 


a f e-tkeq,- (T* X ads | (7) 


Noting that only the real part of this expression is of 
interest, it is seen that the right member may be put 
into more symmetric form by replacing the second in- 
tegral with its conjugate complex. 
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Thus 


il 3: = 
Psi; hay = — LHe Re |—f etka, ("xX E*)ds 
Ss 


1 
+ [ear x nas |. (8) 


It is now of interest to examine the expression for 
the far-zone scattered field at a point, P, which is di- 
rectly in the shadow of the scatterer. The field com- 
ponent, &,*, is given by 


= Fupne-ihe! 7 41 Eten 
- : | [oa X n)ds 
WS nvYSs 


Es = 


ts aa x Ads |. (9) 


The term in brackets is seen to be just negative of 
the bracketed term in (8) and hence it is possible to 
eliminate this term by solving (8) and (9) simultane- 
ously. Thus, from (9) 


1 =e as se 
Re |— f etka, - (n x E’)ds + ib ertig (i ° x< nas | 
S Ss 


n 


Anz! 
= —— Re (—jei*E,!) 
wp 
dre’ 
= Im (e7#E,*). (10) 
WH 
Substituting (10) into (8) gives 
4nz’ Eo as 
Ppt Pa =- Timer 2) (CPt) 


wu 
Defining, now, the scattering and absorption cross 


sections as 


nP s Pa 
Of, = ere and i ’ 
E,? Ey? 


respectively, (11) may be rewritten after some further 


reduction as 
Bye 
— 22’ Im =) 
Et /p 


where E‘= Foe~**’ is the value of the incident field at 
the observation point, P. 

Thus, the sum of the scattering and absorption cross 
section of an arbitrary scatterer may be determined if 
the far-zone scattered field is known at just one point 
directly in the shadow of the scatterer. 

It does not seem possible to deduce a relation similar 
to (12) from the imaginary part of (4) in the general 
case. However, the extension is possible in the case of 
perfectly conducting scatterers. Noting in this case 
that P, =0, and taking the surface, S, to be the surface 
of the scatterer, the steps preceding (6) may be re- 


(12) 


os + o4 = 
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traced with both real and imaginary parts of expressions 
retained, and the following result is obtained. 
= [Bex We nds — ff Bix Tends. (13) 
s s 

where Ps’ =Ps+jwQs and Qs is the excess of the mean 
stored magnetic-field energy over electric-field energy 
in the scattered field. 

The first integral may be shown to be equal to zero 
by substituting for E* from (2) and noting again that 
/sE'X H*- nds =0 and also that 


fz xX H*- nds = fa Exo *dsi= 0, 
s S 
since n XE=0 on S due to the condition that the scat 
terer is perfectly conducting. 
Thus, (13) reduces to 
Psa 


2 f Ei x He*- nds. (14) 
S 


Introducing now expression for E‘ from (1) results in 


P= = Be f e~ikeg,. CH= x nds. (15) 
S 

The first integral in (9) also vanishes in the same manner 

for a perfectly conducting scatterer, so (9) reduces in 

this case to 

— jue ike 


E, = [ emaner X H*)ds. (16) 
Arg’ s 


Proceeding as before, the following relationship is found 
between Ps’ and £,°. 


pee ey ees 
ts = Ee? =— jan(S) (17) 
Considering real and imaginary parts of (17), it is seen 

ie 
og = — 224 Im (= ie (18) 
in agreement with (12), and 

og = — 22/\Re (=) : (19) 

E* /p 


The expression for gg in (19) shows that a 90 degree 
phase relationship between EL,’ and E* at P indicates a 
condition of no net stored energy in the scattered fields. 
From (12) and (18) it is seen that since 2, and o,4 must 
be positive quantities, the scattered field, E,”, must lag 
the incident field at point P by an angle between 0 
degrees and 180 degrees. 
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Long Range Meteoric Echoes via F-Layer Reflections” 
J. T. pEBETTENCOURT} anv W. A. WHITCRAFT, JR.t 


Summary—tThis note reports HF observations of meteoric back- 
scatter echoes at ranges greatly exceeding radio line-of-sight. The 
observations were part of a program of measurements on backscat- 
ter using COZI equipment. 

Examples are given of observations at South Dartmouth, Massa- 
chusetts in 1949 on 16 mc and of more recent observations in 1954 
on 12 and 16 mc using improved equipment. Short duration echoes 
are observed in advance at ranges shorter than those of the ground 
backscatter. No such meteoric echoes are observed when the ground 
backscatter disappears. The meteoric echo ranges move with time of 
day just as the range to the ground backscatter moves. A plausible 
explanation for the observed meteoric echo ranges exceeding 1,000 
miles is that they are due to backscatter from the trail, ionospherical- 
ly propagated to and fro via the F region, just as the ground backscat- 
ter. Other possible ionospheric propagation modes are discussed. 


INTRODUCTION 


XPERIMENTAL ionosphere propagation re- 
kK search started at Raytheon in 1948 under the 
sponsorship of Watson Laboratories, AMC, 
USAF after an intensive two year study program. Dur- 
ing the second year of the study phase, relatively high 
powered pulse transmitters, conventional rhombics, 
Yagi antennas of various types and antennas for special 
purposes were constructed for the experiments to fol- 
low, and were installed at the South Dartmouth, Massa- 
chusetts, field station. Also developed was an MTI sys- 
tem, employing a Raytheon storage tube. Transponder 
beacons employing 20 kw peak pulse power transmitters 
were installed at White Sands, New Mexico and San 
Juan, Puerto Rico. Data recording equipments were 
developed to monitor continuously the amplitudes and 
time delays of beacon pulses arriving at South Dart- 
mouth by various modes from the remote sites. Other 
equipments at South Dartmouth recorded polarization 
and angle of arrival of downcoming ionospherically 
propagated signals. Five 1 kw peak pulse power beacon 
transponders were constructed and installed at various 
places within the continental limits of the United 
States to assist further in mode identification, and an- 
other 1 kw beacon transponder was developed for in- 
stallation in aircraft. 
Conclusions reached in 1949-1950 were summarized 
in a report to the USAF in April 1951.! Some of these 
conclusions were as follows: 


* Manuscript received by the PGAP, September 15, 1955. Pre- 
sented at the URSI-IRE Washington Meeting, May 4, 1955. Work 
performed under contracts with Rome Air Dev. Center and AF Cam- 
bridge Res. Center of the Air Res. and Dev. Command, USAF. 

+ Formerly at Lincoln Laboratory, M.I.T., now at Pickard and 
Burns, Needham, Mass. 

t Raytheon Mfg. Co., Newton, Mass. 

1 Interim Report No. 7, Applied Propagation Studies at High 
Frequencies, Raytheon Manufacturing Company, prepared for 
Watson Laboratories, AMC, USAF, issued April 1, 1951. 


1) By use of the beacon technique? it was proved 
beyond reasonable doubt that, for frequencies greater 
than about 1.5 times the vertical incidence critical fre- 
quency, the leading edge of the long distance backscat- 
ter pattern is produced by ground scatter propagated by 
way of the ionosphere. 

2) Measuring the apparent range to the leading edge 
of the backscatter pattern and the angle of arrival of 
backscatter (or the height of the reflecting layer at the 
control point) leads directly to determination of skip 
distance.* ; 

3) Average seasonal ionospheric layer heights may 
be used without appreciable error in determining skip 
distances greater than about 600 miles.* 

4) Accurate measurement of layer heights is afforded 
by the beacon technique.?? 

5) If skip distance is computed from oblique incidence 
soundings at frequency intervals of about 5 mc, inter- 
polation acurately gives skip distances for other fre- 
quencies.> Extrapolation, however, may lead to ex- 
treme errors in prediction. 

6) Usable backscatter is regularly obtained at HF 
with peak pulse powers as low as 150 watts if pulse 
widths greater than 500 usec are employed.!5§ 

From the beginning of the experimental program, 
frequent echoes of relatively short time duration and of 
widths equal to that of the transmitter pulse were 
noted, both at short range (up to about 800 miles) and 
at long range (upwards of 1,500 to 2,000 miles). A long 
range and persistent echo lasting over five minutes 
with no change in range, is shown in Fig. 1 which was 
taken from continuous film records of April 11, 1949. 
From the nature of these echoes it was clear that 
meteor trails were being detected, although the means 
by which detection at the extreme ranges was possible 
was not fully understood at that time. More recent 
work at the South Dartmouth Field Station, employing 
improved equipment, has led to a theory which is 
advanced in this article. 


* J. T. deBettencourt and H. Klemperer, “The beacon technique 
as applied to oblique incidence ionosphere propagation,” Proc. IRE, 
vol. 38, pp. 791-792; July, 1950. 

3 W. G. Abel and L. C. Edwards, “The source of long distance 
backscatter,” Proc. IRE, vol. 39, pp. 1538-1541, December, 1951. 

‘J.T, deBettencourt, “Instantaneous prediction of ionospheric 
transmission circuits by the communication zone indicator 
(“COZI”),” Trans. IRE, vol. 3-AP, pp. 202-209; August, 1952. 

5 W. G. Abel, L. C. Edwards, C. H. Hoeppner, and W. A. Whit- 
craft, Jr., “COZI,” paper presented at 1952 Conference on Airborne 
Electronics, Dayton, Ohio, May 12-14, 1952, pp. 61-64 of published 
abstracts. 

6 L. C. Edwards, “COZI—communication zone indicator,” Elec- 
tronics, vol. 26, pp. 152-155; August, 1953. 
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LonG RANGE METEOR DETECTION 


Although the maximum height which has been re- 
ported for the beginning of a meteor trail is in the F 
region,’ it is known that for most meteors the height of 
first appearance is confined to a region roughly from 80 
to 120 km above the earth’s surface.7:3 As an extreme 
case, assume a meteor trail at 200 km height is detected 


EASTERN STANDARD TIME 
1905 1910 


—= METEOR 


DELAY TIME, MILLISECONDS 


F-LAYER 
BACKSCATTER 


LONG-LASTING METEOR OF 
APRIL 11, 1949 


Fig. 1—Long-lasting meteor of April 11, 1949. 


by a pulse sounding station T (Fig. 2) by a path M 
tangent to the earth. The path M will be approximately 
1,955 km long, so that the trail will appear at a delay 
time of about 10.7 milliseconds on the receiving oscillo- 
scope. The tangent ray is physically not attainable with 
practical antennas, so that a meteor trail detected by 
line-of-sight at a range corresponding to 10.7 milli- 
seconds of delay time would in fact have to occur at a 
height substantially greater than 200 km. 

A more realistic case would be for a trail at a height 
of 120 km for which the corresponding (tangent ray) 
echo delay time is about 8.3 milliseconds. By far the 
bulk of line-of-sight meteors detected in recent experi- 
ments at the South Dartmouth Field Station have been 
confined to delay times less than this figure. 

Fig. 3 illustrates the possibility that meteor trails 
occurring in the vicinity of the E region but at ranges 
too great to be detected by a direct ray may in fact be 
detected by a reflection from the F region, as at the 
point C. If the broken line, TCD, represents the critical 
ray for a given frequency and time, meteor trails may 


7S. K. Mitra, “The Upper Atmosphere,” The Asiatic Society, 
Calcutta, India, Second edition, p. 82; 1952. 

8 W. L. Hartsfield, “Observations of distant meteor-trail echoes 
followed by ground scatter,” Jour. of Geophysical Res., vol. 60, 
No. 1, pp. 53-56; March, 1955. 
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Fig. 2—Illustrating tangent-ray detection of meteor trail. 


be detected at and to the right of the point B by sucha 
reflection but cannot be detected by a direct ray since 
this region is below the line-of-sight (tangent) ray. If 
the mechanism of detection is correct as described, 
there should be a region AB in which meteor trails can- 
not be detected by either a direct or F-reflected ray, 
provided a high enough frequency is employed. A 
sample of the continuous film records from October 6, 


Fig. 3—Illustrating meteor-trail detection beyond line of sight. 


1954 is shown as Fig. 4. During this series of tests, 20 
kw of peak pulse power, with 200 usec pulses at a rate 
of 20 per second, was employed with a rhombic antenna 
beamed south toward Puerto Rico. The frequency was 
12.730 mc. Displayed in the record are three echoes 
identified as line-of-sight meteor trails, normal F back- 
scatter in the vicinity of 11 milliseconds delay, and 
echoes in advance of the F backscatter, in the region 
beyond about 9.2 milliseconds. The blank zone evident 
between the short range and the long range echoes is 
believed to correspond toa region such as AB of Fig. 3. 

The morning of October 6, 1954 was characterized by 
a good F layer but no regular E layer groundscatter on 
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Fig. 4—Illustrating meteor-trail returns in advance of backscatter. October 6, 1954— f=12.730 mc. 


12.730 mc. Sporadic E became evident in the south after 
about 0815. Data taken from the film record (of which 
Fig. 4 is a sample) were used in preparing Fig. 5. Only 
162 echoes, all having durations greater than 0.1 second, 
were selected from the long range group although many 
hundreds more were recorded, since very short dura- 
tion echoes could be confused with random noise spikes 
or other interference. Of these 162 trails, one lasted six 
minutes and seven lasted as long as two minutes. Al- 
though the sample is statistically small, the dotted line 
in the figure would seem to indicate that the distribu- 
tion of longer lasting trails is roughly the same as that 
for all F-reflected trails. 
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Fig. 5—Meteor-trail frequency diagram for 12-mc meteor trails. 


The simple geometry shown in Fig. 6 indicates that 
for higher frequencies there should be an increase in the 
available space in front of the backscatter in which 
meteor trails (assumed to occur at E region heights) 
can be detected. On the morning of October 13, 1954, 


meteor trail data on 16 mc looking south were analyzed 
to prepare Fig. 7. A slight broadening of the zone in 
question, as compared with that of Fig. 6, is indeed 
noted, although the hourly incidence rate was much 
lower than that recorded on October 6. On October 13 
F scatter first appeared at 0545 EST at 16 milliseconds 
delay time. In the three hour period from 0600 to 0900 
there were 100 meteor trails just in advance of back- 
scatter lasting more than 0.1 second, of which 19 lasted 
over 5 seconds and one lasted nearly 2 minutes. 


b>a 


Fig. 6—Illustrating broadening of long range meteor-trail 
zones by increasing frequency. 


It should be noted that the trails are readily detected 
in the backscatter pattern itself through their character- 
istic flutter. Trails could have been detected beyond 
the backscatter, as shown in Fig. 1, but oscilloscope 
sweep lengths available for the recent experiments would 
not permit such investigation. In the continuous film 
type of recording (Fig. 4), trails within the backscatter 
are lost because of film integration effects and system 
saturation. These complex fluctuations, having appar- 
ent frequency components up to a few cycles per second 
and characteristic of all meteor trails observed during 
the experiments are thought by some workers to be 
due to turbulence in the ionized trail. Such fluctuations 
are not true Doppler flutter caused by the motion of 
the meteor body itself (forming the trail), for the flutter 


9S. K. Mitra, op. cit., p. 109: 
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rate corresponding to ordinary meteor radial velocities 
would go up to the kilocycle range. For trails in advance 
of the backscatter there is no apparent difference in the 
flutter rate whether these trails are line-of-sight or F- 
reflected. This has also been reported by other ob- 
servers.!° 
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Fig. 7—Meteor-trail frequency diagram for 16 mc meteor trails. 


It is of considerable interest to note that an approxi- 
mate measure of the minimum height of the distant 
meteor trails is afforded by a knowledge of the three 
quantities F layer height (or departure angle for the 
critical ray), time delay to the meteor zone and time 
delay to the backscatter. Refer first to Fig. 8. Given the 
delay time to the F-reflected meteor zone we draw a line 
TM of length corresponding to that delay time and at the 
critical angle A appropriate for the frequency being 
used. A tangent to the circle representing the F region 
is drawn at the control point C, and the point M re- 
flected geometrically in this tangent line as point M’, 
giving a possible location of the observed meteor trail. 


SURFACE 


Fig. 8—Illustrating construction geometry (exaggerated scale). 


Continuing this process for angles less than the critical 
angle A generates a locus of points, shown in Fig. 9 as 
M’'M" M’",. equidistant (via F layer reflection) from 
the transmitter T. The minimum height is obtained 


10 P. G. Gallagher and A. M. Peterson, “The contribution of 
meteors to long range backscatter,” presented at URSI-IRE Wash- 
ington meeting, May 4, 1955. 
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from the following formula, readily derived from simple 
geometry: 


d 2 
Ip = R| 4/(= + sin 4) + cos? A — | 


h=minimum height for trails associated with the 
critical angle A 
R=earth’s radius = 6,371 km 
d=distance BD (from Fig. 4) derived from delay 
time records 
A =critical angle for the frequency being used. 


where 
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Fig. 9—Possible locations of trail at given 
delay time (exaggerated scale). 


Selected portions of the continuous film records of 
the morning of October 6, 1954 were analyzed assuming 
an F layer height of 250 km, and Table I was prepared 
to show typical results. 


TABLE I 
Back- Meteor 
a scatter Pe Skip Dis- Trail 
oti Delay Ilome: tance A, Minimum 
Mill. ’) Time, tare Kilome- | Degrees | Height, 
seats Milli- ters Kilome- 
seconds ters 
9.6 eat 374 1,707 12.0 76.5 
9.3 ©) 388 il Ons 125 95.5 
9.2 HRS) 314 1,585 1se5 87.8 
9.1 tte 2 314 1,570 ie) 82.9 
9.0 iil ad 344 1,585 11} 35) 89.2 
9.0 12 329 1,570 13.9 86.0 


If, as is believed, meteor trails occurred randomly 
with range during the experiments, a flat frequency dis- 
tribution would be expected. That the antenna pattern 
by itself does not account for the shape of the meteor 
trail frequency diagrams, Figs. 5 and 7, may be seen 
from Figs. 10 and 11. These figures show the rhombic 
antenna measured patterns for 16.080 mc in horizontal 
and vertical planes, the former being for the best meas- 
ured vertical angle. The deviation of the measured 
vertical pattern from that calculated using Harper’s 
method! is small, and is attributed to the slope of the 


A. E. Harper, “Rhombic Antenna Design,” D. Van Nostrand 
Company, Inc., (1941). 
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Fig. 10—Rhombic antenna horizontal gain over 
free space dipole—f = 16.080 mc. 


land surrounding the antenna and to the deviations of 
actual effective ground constants from those assumed. 
Calibration was accomplished with the aid of a govern- 
ment-furnished Navy helicopter during a six week 
period ending in November, 1949. Although the meas- 
ured vertical pattern on 16 mc is characterized by a 
broad maximum, not greatly different from the pattern 
calculated for 12 mc, the ionosphere evidently created 
sufficient beam distortion to create the peaked shape 
of the meteor trail frequency diagrams. 


CONCLUSIONS 


Meteoric trail echoes can be observed at ranges 
greatly in excess of the radio line-of-sight by a reflection 
from the ionized F layer. An estimate of the minimum 
height of occurrence of trails associated with the critical 
ray is afforded by simultaneous measurement of delay 
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Fig. 11—Rhombic antenna vertical gain over 
free space dipole—f = 16.080 mc. 


time to the trail echo and delay time to the backscatter. 
The distribution of trail echoes with apparent range 
ahead of the backscatter is in all probability due to dis- 
tortion of the transmitted beam by the F layer itself. 
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Correlation in VHF Propagation over Irregular Terrain* 
Re ora KIRBY) AND-F. MreGCAPPST 


Summary—A study has been made of the correlation in transmis- 
sion loss observed over irregular-terrain paths. Simultaneous mobile 
measurements were made of two pairs of VHF broadcasting stations 
in the Washington, D. C.-Baltimore, Maryland area. The correlation 
coefficients derived from sample sets of transmission loss data indi- 
cate that when reception is from opposite directions, no significant 
correlation is evident, and when the paths of propagation are the 
same even though the frequencies are separated considerably, the 
correlation appears to be significantly high. 


INTRODUCTION 
ike RELATIONSHIP between transmission loss 


and distance from the transmitter in the propaga- 

tion of radio waves over a homogeneous smooth 
earth is well known.! However, over most transmission 
paths involved in VHF propagation, the intervening 
terrain is neither homogeneous nor smooth. Over such 
paths many variations from smooth-earth expected 
values can be observed. Within roughly fifty miles 
from the transmitter tropospheric effects are generally 
negligible, and the variations in observed transmission 
loss are almost entirely the result of constructive and 
destructive interference of several rays arriving at the 
receiving location over different irregular-terrain paths. 
The relative phase and amplitude of these rays depend 
on the relative lengths of the paths, the amount of re- 
flection and refraction involved, etc. 

The variations in field strength at these distances 
depend primarily on location, since only a negligible 
amount of variation with time is apparent at any given 
location. In making estimates of the interference 
ratios of the fields from two co-channel stations ex- 
pected over VHF irregular terrain paths, a question 
arises as to whether or not the transmission losses at 
given receiving locations are correlated; that is, whether 
they tend to be high or low simultaneously. The dis- 
tribution of values of each field can be characterized to 
a large extent by its mean and standard deviation which 
can be estimated from the data. In determining the 
interference effects of two such fields, the results would 
be entirely different, depending upon how the fields 
were correlated. For example, the nuisance value of an 
interfering station would tend to be uniform over a 
large number of receiving locations if the field strengths 
were positively correlated to a high degree. The ratios 
of desired to undesired field strengths would tend to be 
more widely distributed with less correlation, and the 
variance of this distribution would be greatest as the 
correlation coefficient approached minus one. 


* Manuscript received by the PGAP March 28, 1955; revised 
manuscript received September 13, 1955. 

{ National Bureau of Standards, Central Radio Propagation 
Lab., Boulder, Colo. 

1K. A. Norton, “The calculation of ground-wave field intensity 
over a finitely conducting spherical earth,” Proc. IRE, vol. 29, pp. 
623-639; December, 1941. 


It is the purpose of this paper to present the results 
of a study of correlation in VHF irregular terrain prop- 
agation. Mobile field strength measurements have been 
made using the transmissions of three VHF broadcast- 
ing stations in the Washington, D. C.—Baltimore, 
Maryland area. These are WMCP-FM operating at 
94.7 mc in Baltimore, WRC-FM at 93.9 mc and WNBW- 
TV (aural) at 71.75 mc both in Washington. The latter 
two transmissions emanate from a single antenna. The 
measurements were obtained in 1950 and originally re- 
ported on at the joint spring meeting of the Interna- 
tional Scientific Radio Union and the Institute of Radio 
Engineers in Washington, D. C., in April, 1951. 

Continuous measurements of transmission loss were 
made of two stations simultaneously while driving along 
selected routes. The first route was chosen to be a per- 
pendicular bisector of the line between WRC-FM and 
WMCP-FM so as to cause the radio waves to arrive 
from essentially opposite directions. The second route 
was chosen to be circular around WRC-FM and 
WNBW-TV with a radius of approximately 37 miles, 
for which radio waves at the two frequencies arrived 
over exactly the same propagation path. Location of 
transmitters and routes followed are shown in Fig. 1. 


DESCRIPTION OF MEASUREMENTS AND 
EQUIPMENT 


A van-type truck equipped with a 30-foot telescopic 
mast was used for continuous mobile recording. The 
recording antenna consisted of a horizontally polarized 
Alford Loop antenna which is omnidirectional in the 
horizontal plane. A trailer-mounted, five-kw gasoline 
generator supplied power for recording and operation 
of auxiliary equipment. 

In operation the receiving antenna was connected to 
two receivers at the same time through suitable isolat- 
ing preamplifiers, making it possible to record pairs of 
stations simultaneously. National Model 108R FM re- 
ceivers suitably modified with recording circuits and to 
provide for logarithmic response were used for recording 
the FM broadcasting stations, and an RCA Model 
WX1A Field Intensity Meter was used to record the 
sound transmissions of the television broadcast station. 
Esterline Angus recording milliammeters connected to 
the odometer of the truck by a flexible shaft were em- 
ployed for the actual recording function. The chart ad- 
vance depended only on the distance traveled and was 
independent of speed or variations in speed of the 
truck. For practical purposes a chart drive ratio was 
employed such that 2? inches on the chart represented 
one mile of road. The chart drives of the two Esterline 
Angus meters were coupled mechanically and the 
chronometer pens connected in parallel so that the 
records could easily be matched for scaling and analysis. 
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Fig. 1—Routes followed in making simultaneous mobile transmission loss measurements. 


Calibration of all the recorders was made in terms of 
pv per meter at the receiving antenna. These were later 
converted to units of basic transmission loss, Ly, as de- 
fined by Norton.? The value of basic transmission loss 
corresponding to one wv per meter for each of the sta- 
tions recorded is as follows: WRC-FM, 159.6 db; 
WMCP-FM, 159.8 db; and WNBW-TV, 157.3 db. 

The recording route from Millersville to Etchison, 
Maryland, followed as closely as possible a perpendicu- 
lar bisector of the line joining the transmitting an- 
tennas of WRC-FM in Washington and WMCP-FM 
in Baltimore 34.5 miles apart. The countryside along 
the route was rolling farm land with large stands of 
woods here and there. A large number of wires and tree 
limbs extended over the road making it impfactical to 
record with antenna heights greater than fifteen feet, 
which is the height at which all measurements reported 
here were made. 

A sample of the Esterline Angus recorder charts ob- 
tained simultaneously over this route is shown in Fig. 
2. Scaggsville, Maryland, lies almost on the line drawn 


2 K. A. Norton, “Transmission loss in radio propagation,” PRoc. 
IRE, vol. 41, pp. 146-152; January, 1953. 
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between the two transmitters. It can be seen from these 
records that many wide variations in observed trans- 
mission loss occur in very short space intervals. It is 
interesting to note in repeating the measurements on 
other days that the records were almost identical even 
to some of the finest detail, indicating the lack of any 
significant time variation. 

Similar recordings were obtained over a circular 
route receiving WRC-FM at 93.9 mc and WNBW-TV 
at 71.75 mc simultaneously over exactly the same propa- 
gation path. This route was followed over land from 
Baltimore, Maryland, to Dares Beach, Maryland, and 
over water between the same two points in Chesapeake 
Bay at an average radius of approximately 37 miles 
from the WRC-WNBW transmitting tower. 

Because of wide differences in the terrain at receiving 
locations along the circular route, the data were arbi- 
trarily classified by terrain into four groups as follows: 

A) Metropolitan Areas 

B) Farm Land (Not Heavily Wooded) 

C) Heavily-Wooded Areas 

D) Over Water 

Sample Esterline Angus charts obtained from this 
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Fig. 2—Sample simultaneous mobile recording of WRC-FM and WMCP-FM- fee tne made along perpendicular bisector 
route—April 25, 1950—Receiving antenna height: 15 feet. 
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Fig. 3—Sample simultaneous mobile recording of WRC-FM and WNBW-TV-Recordings made along circular route— 
June 15, 1950—Receiving antenna height: 15 feet. 
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recording run are shown in Fig. 3. It should be noted 
that the recorded deflection for WNBW-TYV was in the 
opposite direction from that for WRC-FM as indicated 
by the transmission loss scale at the left-hand end of the 
charts. With this in mind a cursory examination of the 
recordings shows that there is apparently a tendency for 
the observed transmission loss to be high or low simul- 
taneously. 


CORRELATIONS AND DISTRIBUTIONS OF PERPENDICULAR 
BISECTOR MEASUREMENTS 


The correlation of the data obtained along the per- 
pendicular bisector route between WMCP-FM and 
WRC-FM will be considered first. If correlation be- 
tween the two fields exists, it would perhaps be logical 
to assume that simultaneous sector medians would be 
more highly correlated than simultaneous discrete 
values since on the recordings there appears to be a 
random component producing variations with very 
short periods. These variations would be somewhat 
eliminated in taking sector median values of transmis- 
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Fig. 4 shows in graphical form the observed quarter- 
mile sector median values of transmission loss for both 
WRC-FM and WMCP-FM as a function of mileage 
from Millersville, the starting point of the recording 
run. The Ad Hoc predicted value of transmission loss 
over irregular terrain is also shown. Several gaps in the 
data occur due to the necessity for lowering the antenna 
to clear overhanging obstacles over the road. 

Cumulative distributions of the sector median resid- 
uals and the discrete residuals are shown plotted on 
normal probability paper in Fig. 5. The straight lines 
on Fig. 5 are the normal distributions about the means 
of each set of data and with variances as determined 
from the data. The distributions of the logarithmic 
residuals approach the normal distribution sufficiently 
close to permit the assumption that the data are drawn 
from normally distributed populations. 

Before any statistical significance by ordinary means 
can be attached to a correlation coefficient determined 
from such data, it is necessary to take samples of the 
data in such a way that no significant serial correlation 
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Fig. 4—Observed quarter-mile sector median values of basic transmission loss—Measurements made 
along perpendicular bisector route from Millersville to Etchison, Maryland. 


sion loss. However, it might also be reasoned that these 
closely-spaced random variations might be the result 
of the effect of the terrain immediately adjacent to the 
receiving antennas, in which case it is conceivable that 
these instantaneous values could be more highly corre- 
lated than sector medians. Consequently, the data have 
been tabulated by two methods: first, by pairs of me- 
dians of quarter-mile sectors; and second, by sampling 
discrete pairs of observations every quarter of a mile. 
To remove systematic effects due to the variation in 
distance from each transmitter, the tabulated value of 
observed transmission loss is subtracted from an ex- 
pected value of transmission loss which is the smooth- 
earth theoretical value corrected by the Ad Hoc terrain 
factor’ to give a residual value expressed in decibels. 


3K. A. Norton, M. Schulkin, and R. S. Kirby, “Ground-wave 
propagation over irregular terrain at frequencies above 50 mc,” 
Reference C to the report of the Ad Hoc Committee of the Federal 
Communications Commission for the evaluation of the radio propa- 
gation factors concerning the television and frequency modulation 
broadcasting services in the frequency range between 50 and 250 mc; 
June 6, 1949. 


is present. This is accomplished by taking the data with 
sufficient lag between sectors so that the serial correla- 
tion is negligible. The appropriate lag determines the 
limiting number of observations which can be used in 
estimating correlation between sets of data. The serial 
correlation coefficients were determined in the circular 
manner described by Anderson* and checked by the 
noncircular method of Kendall’ which is more appropri- 
ate but less tractable mathematically. 

The serial correlation coefficients of the sector me- 
dians of WRC-FM and WMCP-FM for lags of one to 
ten quarter-mile sectors are shown as correlograms in 
Fig. 6. The 1 per cent and 5 per cent significance levels 
are also shown in Fig. 6 (below which 99 per cent and 
95 per cent respectively of the estimates of the serial 
correlation coefficients would fall if there were no serial 
correlation present in the parent population). An exam- 


4R. L. Anderson, “Distribution of the serial correlation coef- 
ficient,” Annals of Math. Stat., vol. 13, pp. 1-13; March, 1942. 

5M. G. Kendall, “The Advanced "Theory of Statistics, ” Charles 
Griffin and Co. Ltd., London, vol. II, p. 402; 1946. 
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WRC-FM DISCRETE OBSERVATIONS 
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Fig. 5—Distributions of residual transmission loss recorded along perpendicular bisector route. 
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Fig. 6—Serial correlation as a function of lag between successive observations in sector medians of irreg- 
ular terrain propagation data recorded along perpendicular bisector route, Millersville to Etchison. 
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ination of the correlograms in Fig. 6 indicates that if 
the data are taken with a lag of seven or eight sectors, 
the true serial correlation coefficient should be negli- 
gible. A lag of eight sectors (two miles) is taken for our 
purposes since it provides more assurance against hav- 
ing serial correlation in the data. It should be noted 
that, although use of data which are negligibly serially 
correlated as independent observations seems reasona- 
ble in case of normal distributions, method is merely an 
intuitive and approximate one. Hence even confidence 
intervals for correlation coefficients in Figs. 7 and 10 
(which will be discussed below) are approximations 
(though intuitively reasonable ones). 
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Fig. 7—Estimates of correlation coefficients with 95 per cent confidence 
interval for WRC-FM and WMCP-FM perpendicular bisector 
measurements—Eight dependent estimates made from eight 
starting points with separation of two miles between successive 
observations. 


Having established a lag of eight sectors to be ade- 
quate for the purpose of correlation of the data, the 
sector medians are next taken in simultaneous pairs of 
sector medians for every eighth sector and the correla- 
tion coefficient determined between sector median 
residual values of transmission loss for WRC-FM and 
WMCP-FM. Eight estimates of the correlation coeffi- 
cient are made using eight different sectors as starting 
points. Unfortunately, these estimates are not inde- 
pendent of each other since serial correlation is involved 
between estimates. Similar estimates are made using 
the sampled discrete values. The approximate 95 per 
cent confidence limits for the true correlation coeffi- 
cient are determined from the charts prepared by 
F. N. David. For comparison, a value of Rxy with 


6F. N. David, “Tables of correlation coefficient,” Biometrika 
Office, London; 1938. 
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the corresponding confidence limits is tabulated taking 
all the data into consideration without regard to the 
serial correlation. 

The values for the sector median residuals are shown 
graphically in Fig. 7. Similar results were obtained 
using discrete residual values. With one exception all 
of the eight confidence intervals where a lag of two 
miles was used include the value zero at the 95 per cent 
confidence level. Consequently, it is assumed that for 
the amount of data available, no significant correlation 
between the fields from WRC-FM and WMCP-FM is 
apparent. The 95 per cent confidence interval about the 
correlation coefficient for all data does not include zero 
in one case, but no significance is attached to this inas- 
much as the serial correlation was disregarded; how- 
ever, this fact does point out the necessity of taking the 
serial correlation into account. 


CORRELATIONS AND DISTRIBUTIONS OF 
CIRCULAR PATH MEASUREMENTS 


The measurements made along the circular route, 
where observations were made of the transmission losses 
of WRC-FM and WNBW-TV simultaneously, are 
treated in very much the same manner as the per- 
pendicular bisector data of the previous section. How- 
ever, the data have been classified into four groups in 
accordance with the type of terrain at the receiving 
location as noted previously. 

Because of the length of the run and because the lag 
required to eliminate serial correlation is large, on the 
order of two miles, half-mile sector medians have been 
determined rather than quarter-mile values. Estimates 
of the correlation coefficients are made for groups A, 
B, and C. No estimates are made for the overwater case, 
since little variation from sector to sector is observed, 
and this type of data does not lend itself to this kind of 
analysis. Fig. 8 shows the sector medians plotted for 
each half-mile sector starting at the east side of Balti- 
more. The sector numbers are continuous even though 
measurements in some locations could not be obtained. 
To obtain the distance along the route from the starting 
point it is only necessary to divide the sector number by 
two. The Ad Hoc predicted values are shown on this 
figure for comparison with the measured values. As be- 
fore it is the residual between the sector median of the 
measured values and the Ad Hoc predicted value that 
is used in estimating the correlation coefficient. 

Cumulative distributions of residual values are shown 
in Fig. 9 (p. 84) for each of three overland terrain types. 
These distributions are determined from 26 observa- 
tions in metropolitan areas, 215 in farm lands, and 98 
in heavily-wooded areas. The straight line on each of 
the plots is the normal distribution about the mean of 
each set of data and with a standard deviation, S, as 
estimated from the data. It appears that the distribu- 
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Fig. 8—Observed half-mile sector median values of basic transmission loss measurements made along circular route. 
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Fig. 9—Distributions of residuals of half-mile sector medians recorded along circular route. 
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Fig. 10—Estimate of correlation coefficients with 95 per cent confidence interval for WRC-FM and WNBW-FM half-mile sector median 
residual data obtained on circular route—Four dependent estimates made from four starting points with separation of two miles between 
successive observations. 


1956 
tion of sector residuals approaches the normal dis- 
tribution sufficiently closely to permit the assumption 
that the data are drawn from normally distributed 
populations. These distributions show the departures 
observed from the average of all the values for each 
station. . 

The correlation coefficients for WRC-FM and 
WNBW-TV along the circular route were determined 
using a lag of two miles as before. In each estimate 
every fourth pair of residuals is taken, which gives rise 
to four different, although dependent, estimates of the 
correlation coefficient. For comparison an additional 
estimate is made disregarding the serial correlation. 

These values are shown in graphical form in Fig. 10. 
A significantly high correlation in simultaneous sector 
medians of WRC-FM and WNBW-TV is apparent. 
There appears to be no applicable difference in the 
values obtained over farm lands and over wooded 
areas, and inasmuch as the distributions shown in Fig. 
9 are very similar, there is probably no need to differ- 
entiate between them. The measurements obtained in 


Saunders: Control of Surface Currents by the Use of Channels 85 


the metropolitan area show considerably less correla- 
tion as might be expected. 


CONCLUSIONS 


A study has been made of the correlation in trans- 
mission loss observed over irregular terrain paths. 
Simultaneous mobile measurements were made of two 
pairs of VHF broadcasting stations in the Washington 
D.C.—Baltimore, Maryland area. For WRC-FM and 
WMCP-FM the frequencies were essentially the same, 
93.9 mc and 94.7 mc respectively, and the paths of 
propagation were in opposite directions from the receiv- 
ing point. For WRC-FM and WNBW-TV frequencies 
were widely separated, 93.9 and 71.75 mc respectively, 
and the paths were identical. Correlation coefficients 
derived from sample sets of transmission loss data in- 
dicate that when reception is from opposite directions, 
no correlation is evident. When paths of propagation 
are the same even though frequencies are separated 
considerably, as with WRC-FM and WNBW-TYV, cor- 
relation appears to be significantly high. 
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Controlonourtace.Currents by the Usexot Channels: 
W. K. SAUNDERS} 


of an antenna depends upon surface currents that 

flow away from the optically lighted region. 
Minimizing this shadow. illumination requires control 
of these surface currents. For example, even with a 
large cylinder (circumference =40A) excited by an in- 
finite axial slot, the shadow zone of the theoretical 
pattern has maxima 90° from the slot which are down 
only 3 db, and others 180° away only 28 db below the 
power level at 0°. This paper is an experimental study of 
methods of controlling shadow zone illumination. 


bee PRESENCE of radiation in the shadow zone 


* Received By the PGAP, March 11, 1955; revised manuscript 
received September 19, 1955. mA 
+ Diamond Ordnance Fuze Labs., Washington 25, D. C. 


In order to study the interruption of surface currents 
two parallel slots were made in a moderately large 
ground plane (Fig. 1). The one slot served as a trans- 
mitter and the second as a receiver. The equipment was 
arranged so that the receiving slot could be moved 
parallel to the direction of its long dimension. This was 
done so that the interruption of the surface current 
might be studied in directions other than directly per- 
pendicular to the long dimensions of the slots. To see 
how the surface currents might be varied, a channel, 
separating the two slots, was cut in the ground plane. 
A large variety of lossless and lossy structures were 
placed therein. The experiment was limited, however, 
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to structures that did not extend above the ground 
plane. 

The first choices of structures were lossy materials 
and the traditional one-quarter wave choke.’ Neither 
had a perceptible influence on the surface currents. The 


explanation in the case of the lossy materials seems to 
be that the higher the dielectric constant, the less the 
penetration of the wave into the structure and hence 
the less effect of the material in the structure. The 
failure of the one-quarter wave choke is somewhat more 
baffling. In a previous problem, that of decoupling two 
horns with parallel axes (Fig. 2) a one-quarter wave 


Fig. 2 


choke cut in the edge of a plate placed between the 
horns had given 15 db of additional decoupling over 
that gotten with the plate alone. The problems, how- 
ever, have this essential difference. With the horns the 
wave must reverse its direction of propagation to enter 
the second horn, and hence if the current around the 
edge of the plate is broken the wave tends to leave the 
plate and flow out into space. In the case of the ground 
plane part of the wave leaving the transmitting slot is 
headed toward the receiving slot. Any attempt to inter- 
rupt this flow causes the wave to bridge the structure 
and reform on the far side. In addition to the quarter- 
wave choke and lossy materials, many other structures 
were placed in the channel. None decoupled as success- 
fully as the channel itself. By cut and try (see Figs. 3 


1J. R. Pierce, “Design procedure for disk choke couplings,” Bell 
Tel. Labs. Memo MM-44-140-22; April 26, 1944. 
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and 4) a width of 2.42 cm and a depth of 1.11 cm was 
arrived at for a frequency of 9,375 megacycles. Such 
dimensions appear to be optimum when compared with 
the decoupling yielded by other dimensions in this 
range. A channel of this size gives a 9 db decrease in the 
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Dimensions of Channel Decoupling of the Channel 
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ye pt =1.0° 
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14/16" iy e@ 
29/32" 1/2 7.0 


Fig. 3 


power coupled into a receiving slot placed directly 
across the channel, or offset as much as an inch. Al- 
though the effectiveness of the channel decreases for 
offsets greater than an inch, the coupling between such 
slots drops sharply with offset, even in the uncut plane. 


A 
B. 
iy/er qt? aL I/D? on" 


Dimensions No Offset Offset Offset Offset Offset 

A B 
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Fig. 4 


This is not indicated in Fig. 4, since the figures shown 
there represent the increase in decoupling relative to the 
value obtained by using the uncut plane for each offset 
listed. No smaller channel gives the degree of decoupling 
obtained by optimum channel, but there may well be 
much larger channels or combinations of channels which 
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are other (perhaps more favorable) optima. 

The method goes over directly to the cylindrical 
antenna. In the measured pattern it is seen that the 
radiation in the shadow zone of the large cylinder is, 
within experimental error, reduced by 9 db placing two 
such channels in either side of the radiating slot (Fig. 
5). In fact, the reduction takes the form of 1 db at 50° 
beyond the point chosen for the channel, 5 db at 50° 
beyond, and 9 db from 80° on, which is of interest in 
itself for the information it yields of the relationship 
between the surface current and the radiation pattern 
of such a cylinder. (See current literature on the creep- 
ing wave theory.) 

A solution, exact or approximate, of Maxwell's equa- 
tions for the four-corner structure represented by the 
channel unfortunately appears unobtainable. The 
size of the channel is not such as would be predicted by 
any type of quarter-wave line theory plus end correc- 
tion, and in addition, both dimensions of the channel 
are critical. Some predictions can be perhaps arrived 
at by optical theory, but the theoretical justification of 
the short wave approximation is nowise apparent. 

The author is indebted to H. M. Young for the 
measurements. 
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The Impossibility of Certain Desirable Luneberg 
Lens Modifications* 
A. F. KAYt 


outer surface of a Luneberg lens has led Gutman! 
to devise a lens in which the feed moves on a 
smaller radius. In Gutman’s lens the feed horn points 
toward the center of the lens and the center section, 
which rotates during the scan, also serves as a focusing 
region. In some applications it would be desirable to 
point the feed horn outward and reserve this center 
section for rf components. The rotational torque re- 
quired could also be reduced considerably thereby. We 
assume throughout that the lens must be radially sym- 
metric to allow 360° of scan. 
A priori, a number of types of ray systems suggest 
themselves (Figs. 1, 2, 3, and 4). All these lenses are 
shown to be impossible from general considerations, 


Bless DIFFICULTY of rapid scanning over the 


* Received by the PGAP, August 26, 1955. 

+ Technical Research Group, New York, N. Y. 

1A, S. Gutman, “Modified Luneberg lens,” J. Appl. Phys., vol. 
25, pp. 855-859; July, 1954. 


although simple arguments may dispose of some of them 
directly. For example, a point of radial tangency such 
as A in Fig. 1 is impossible, and this consideration alone 
rules out a lens of this type in which one of the focused 
rays coincides with the radial line through the focus. In 
the remaining cases, only a bundle of rays of included 
vertex angle at the focus somewhat less than 90° could 
possibly be focused. Assuming a certain directivity of 
the feed itself, this restriction need not be of practical 
importance in most cases. 

If n=n(r) is the refractive index with n(ro—) 
=n(r,+) =1, the differential equation for any ray is 


do To sin Wo 
= (1) 


) 
dr r(n?r? — ro? sin? Wo)1/? 


where Y=y(r) is the directed angle from the radius 
vector to the ray, and Po=yW(7o—). This equation may 
readily be put in a form analogous to Snell’s Law 
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nr sin Y = constant = 7o sin Yo. (2) so that the condition for focusing becomes 
From (2) we see that since sin y $1, ’ " dr 
rosin Yo Aaa 
nr = ro sin Wo, (3) ro (nr Ot Ae 
, ro Sin Wo 
throughout 79<r<r; with equality holding only when — ¢+ sin! (————_] = 0. (7) 
Lal 


y=7/2. If, for example, for some 72 with 79 <r2<7, the 
The branch of the inverse sine is determined as fol- 

lows. As Wo approaches zero, from (1), 6=6(r) ap- 

proaches zero identically so that wi approaches zero. 


Fig. 1 


inequality ren(72) <7o sin Wo held, then the ray leaving 
the focus at an angle Y to the radius vector would not 
cross the circle y=72 and could never focus. If equality 
holds at all in (3), it will hold only for the largest Wo in 
the entire bundle of rays to be focused. We drop this 
ray from consideration, and so are able to assume in 
view of (1) that 1) |v <m/2 and 2) d6/dr isa monotone 
function of r and hence 


Fig. 3 


Thus we are dealing with the principal value of the in- 
verse sine. Left member of (7), however, from inspection 
is a strictly increasing function of Wo in range 0 SW S7/ 
2; (7) hence can hold only for a single ray. 


Fig. 2 


"1 dr 
A, = 710 sin bof , (4) 
Li 


Tah ry Sinay oye 


where 6;=6(71). The condition for focus is seen from 
Fig. 3 to be 


Fig. 4 


A=o¢—-W (S) In conclusion, we have shown that the following is 
impossible: a radially symmetric lens occupying an 
annular region, 7o<r<ri, which focuses perfectly any 
bundle of rays (no matter how small) emanating from a 
r, sin ¥, = 7p sin Wo, (6) point source on r=ry into a parallel beam. 


where ¢ is the direction of focus and independent of Wo. 
From (2), 
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Discussion* on 
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“Fresnel Antenna Patterns”? 
L. W. LECHTRECKt 


D. K. Cheno:! In a recent article, Lechtreck presented 
a number of radiation patterns for rectangular apertures 
with quadratic phase errors. I would like to make sev- 
eral comments about that article. 

1) It does not appear to me that the square signs over 
the C and S Fresnel integrals and the + signs in the 
radiation pattern expressions should be there. Mr. 
Lechtreck did not explain whether he used the + or the 
— signs when he computed the radiation patterns but 
it seems that all + signs in his expressions should be 
just — signs. Also, Mr. Lechtreck apparently defined 
his C and S integrals as 


t 
C+ iS = [ody (1) 
0 
instead of in the conventional way: 
t 
CL 5S -{ elm l22dx, (2) 
0 


To my knowledge, all available C and S tabulations 
are based on the conventional definitions (2). 

2) Mr. Lechtreck computed radiation patterns for 
values of 6 as large as 5 or 1.677. There is some doubt 
as to the validity of the use of Fourier transform for 
obtaining radiation patterns for such large phase errors. 
The illumination at the aperture edge would already be 
in opposite phase to that at the center when b=7. 

3) The location of the side lobes and the minima in 
the radiation pattern depends upon the extent of aper- 
ture phase error. Therefore, it does not seem right to 
fix the u-values on the curves of Figs. 3 and 4. 

4) I wish to point out that the radiation patterns for 
rectangular apertures with phase errors of the linear, 
step, staircase, quadratic, and cubic types have been 
analyzed and computed? for uniform and cos?(0.37>7x) 
illuminations; the latter illumination was chosen be- 
cause it gives —25.9 db first side lobes which is a desir- 
able level. For each type of phase error, three cases were 
considered, namely: deviation on one side, anti-symmet- 
rical deviation, and symmetrical deviation. Tables con- 
taining data on beam shift, maximum radiation ampli- 
tude, main-lobe beamwidth at —3 db and —10 db, first 


* Received by the PGAP, August 18, 1955. 

+ Trans. IRE, vol. AP-3, pp. 138-140; July, 1955. 
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1 Electrical Engrg. Dept., L. C. Smith College of Engrg., Syracuse 
University, Syracuse, N. Y. 

2D. K. Cheng, “Phase-Error Effects in Microwave Antennas,” 
Interim Reports on Contract Nos. AF30(120)-425-E.E.4 and AF30 
(602)-300 Syracuse University Research Institute; April, 1952 and 
September, 1953. 


side-lobe levels, and gain factor are available. Similar 
analyses have also been done for the circular aperture. 


L. W. Lechtreck: 1) The functions referred to in the ar- 
ticle are those defined by Harry Bateman? in equations 


(4) and (5): 
(/—f é cos (¢?)dt 
4/—f sn (t?) dt. 


These functions have been tabulated by Eugene 
Jahnke and Fritz Emde in “Tables of Functions... ,”’ 
p. 35, published by Dover Publications, 1945; G. N. 
Watson, in “A Treatise on the Theory of Bessel Func- 
tions,” pp. 744-745, published by Cambridge, 1944; 
and in “Report of British Association for the Advance- 
ment of Science,” pp. 274-275, published by Oxford, 
1926. When defined in this manner, the square and + 
signs are necessary as shown in the complete derivation. 
The minus sign is used when the limit of integration is 
positive; the plus sign when this limit is negative. 

2) The curves in this article are applicable only to 
antennas for which the radiation pattern can be repre- 
sented as a simple, separable, scalar, Fourier integral. 
The large phase error curves are useful in predicting 
the far-field radiation pattern of a large aperture in the 
angular region near the aperture normal. Under these 
conditions the phase front normal is parallel to the 
aperture normal and Silver’s equation? is not violated. 
The problem of securing a rapidly converging series 
approximation for large values of B and U was avoided 
through the use of tables of Fresnel integrals. 

3) In Figs. 3 and 4, the labels designating the locations 
of the nulls and peaks are in error. The numbers given 
are those of the zero phase error curves and the angular 
location of the radiation nulls and peaks do move 
slightly with changes in b. This results in errors in calcu- 
lated pattern magnitudes at true peaks and nulls, of 
about +0.2 db for range of } shown in these figures. 

4) I am sorry not to have known about the reports of 
Dr. Cheng, however, it seems that both of our studies 
were predated by a paper’ presented at the “Conference 


C(x) 


I 


S(x) 


3 Bateman Project Staff, “Higher Transcendental Functions,” 
Vol. II, McGraw-Hill Book Co., Inc., New York, N. Y., p. 149; 1953. 

4S. Silver, “Microwave Antenna Theory and Design,” M.I.T. 
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 
12, p. 172; 1949. 

5K. Milne, “The Effects of Phase Errors on Simple Aperture II- 
luminations,” Her Majesty’s Stationery Office. (Thanks to W. C. 
Jakes of Bell Telephone Labs.) 
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on Centimetric Aerials for Marine Navigation Radar” 
held in London in June 1950. In that paper Mr. Milne 
numerically described the radiation patterns from rec- 
tangular apertures with linear, cosine, and cosine squared 
illumination for phase errors quadratic through quintic. 


D. K. Cheng: 1) The definitions of the Fresnel integrals 
C and S that appear in Bateman’s “Higher Transcen- 
dental Functions,” vol. II, to which Mr. Lechtreck re- 
ferred, are identical with those used in Jahnke and Em- 
de’s “Tables of Functions” and Watson’s “Theory of 
Bessel Functions.” (The upper limit in Mr. Lechtreck’s 
expressions should be \/x instead of «.) They are based 
on eq. (2) of my original comments. If Mr. Lechtreck 
had used these definitions, he would not have obtained 
the radiation-pattern functions as given in his paper. 
For an aperture illumination 


fy(x) = 1ei2", —-1<e< +41, 


the radiation-pattern function would be 


1 
aw)= f cide’ jut x 


1 


z = e141 C(U2) —C(U 1) +JS(U2) —§S(U1) } 


where 
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Leo a a / (£41) 
For the aperture illumination 


fo(x) = cos (= *) eda” 


the radiation-pattern function would be 


1 fe ib ‘ 
g2(u) ae f cos (= °) e1bx elurd 

24 2 
laa) +o6- 9] 
rle(e+ 5) os eae 


If Mr. Lechtreck used the tables in either Jahnke and 
Emde or in Watson, his results would be in error. 

2) The validity of the use of Fourier integral for 
obtaining radiation patterns for b as large as 5 is ques- 
tionable even in the angular region near the aperture 
normal because of the fact that the term ;,., appears in 
the integrand? which has to be integrated over the 
entire aperture surface. Curves given by Mr. Lechtreck 
extend to values of uw as large as 15. 

3) I have not been aware of Milne’s work in England. 
However, curves in my reports were for both rectangu- 
lar and circular apertures with various types of phase 
errors that appear in the outer half of the aperture; 
there is probably little duplication of effort. 


—\ivsys ee 
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Summary of Normal Mode Theory Symposium 


convened, under the chairmanship of Dr. S. A. 

Schelkunoff, at the Navy Electronics Laboratory 
on July 5, 6, and 7, 1955. This symposium consisted 
of an informal trip to Palomar Mountain on July 5 
and a round-table discussion on July 6-7 for the pur- 
pose of exchanging ideas about the present state of 
theoretical knowledge of wave propagation through 
stratified media, the known methods of attack, and the 
outstanding unanswered questions. Although the em- 
phasis was on normal mode theory, the possibility of 
extending the ray theory of physical optics was ex- 
plored. The following list of topics was on the agenda: 


\ SYMPOSIUM on Normal Mode Theory was 


1. Ray Theory: what it is, the extent of its proved 
usefulness, and its limitations. 


2. Huygens’ Principle; what it is, *the extent of its 
usefulness, its limitations, and possible extensions. 

3. Mode Theory: what it is, and its relation to the 
Ray Theory. 

4. The contrast between the Mode and Ray Theories, 
when both yield exact results. 

5. The interaction of experiment and the Mode Theory 
in the radio history of long waves, ionospheric 
waves, and tropospheric waves. 

6. Effect of small perturbations in the index of re- 
fraction on mode series. 

7. Effect of discontinuities in the index of refraction or 
its derivatives on mode series; interpretation of 
this effect. 

8. Convergence of mode series. 
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9. Methods of computing the individual terms of 

mode series. 

10. Methods of summing mode series. 

11. Effect of ground constants on modes. 

12. Surface roughness and its representation in analysis. 

13. Absorbing boundaries and their representation in 
analysis. 

14. Boundary conditions in general. 

15. Curved earth. 

16. Natural oscillations of the earth. 

17. Calculation of fields in the visible region. 

18. Calculation of fields near the horizon. 

19. Calculation of fields beyond the horizon. 

20. Other topics that may be suggested before or dur- 
ing the conference. 


Ray THEORY 


The first topic dealing with ray theory was introduced 
by Dr. Smyth. Historically, ray theory embraces all 
that is derivable from Fermat’s principle, z.e., Snell’s 
Law. More recently, investigators consider ray theory 
everything that is contained in the asymptotic solution 
to the wave equation for the limiting case of the wave- 
length approaching zero. Some suggest that correction 
terms in regions of caustics should be included as an 
integral part of ray theory. Hadamard defined rays as 
the normals to the discontinuity surface associated with 
a pulse disturbance. Rays have also been defined as the 
stream lines of energy flow. Another definition consid- 
ers rays as the contributions to the observed signal 
which have distinct arrival times. This definition ap- 
pears to be identical to one definition of mode given 
later. It was pointed out that the rays derived from 
the asymptotic solution to the wave equation and from 
Hadamard’s definition are identical for Maxwell’s equa- 
tions but not identical for Schrodinger’s equation. It 
was generally agreed that the most useful definition of 
ray theory is contained in the asymptotic solution to 
the wave equation. The corpuscular concepts basic to, 
geometrical optics are being replaced by mathematical 
procedures and this branch of physics is becoming a 
special case of wave theory. 

In practice the basic law of Snell is used to deter- 
mine the ray path and in addition it is tacitly assumed 
that these rays are the stream lines of energy flow. The 
wave nature of the radiation is called upon at this point 
to take the phase relationship of the rays into account. 
The familiar interference patterns in acoustic and radio 
fields associated with multipath transmissions have been 
described in this manner. Ray theory has not enjoyed 
much success in describing diffraction effects, including 
fields near caustics. 


1 Cf, R. K. Luneberg, “Mathematical Theory of Optics Lectures 
in Advanced Mechanics,” Brown University; 1944. 
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HUYGENS’ PRINCIPLE 


Dr. Bouwkamp opened the discussion of Huygens’ 
principle. He began with some historical remarks, point- 
ing out that Huygens introduced his principle to ex- 
plain the laws of rectilinear propagation, reflection, and 
refraction. However, its extremely important applica- 
tion to diffraction was unknown to Huygens, as was 
diffraction itself. According to Huygens, each wave- 
front was to be considered as an envelope of secondary 
sources, but he did not explain why there was no back- 
ward radiation. This problem was eventually solved by 
Kirchhoff. Kirchhoff’s formula is a representation 
theorem for solutions of the wave equation in terms of 
boundary values on a closed surface. But since the 
monochromatic wave equation is of elliptic type one 
cannot prescribe arbitrarily both the wave function and 
its normal derivative on the boundary. Hence this 
formulation is limited in its application. In this con- 
nection Dr. Bouwkamp also brought up the divergence 
of opinion as to the precise meaning of Huygens’ prin- 
ciple. He differs with the views put forward by Volterra, 
Hadamard, and M. Riesz, whose attempts at a precise 
mathematical formulation may be found in the book 
“Huygens’ Principle” by Baker and Copson. 

There followed a discussion of the use of the repre- 
sentation theorem in diffraction problems wherein one 
assumes a field distribution in the aperture although 
one actually does not know this field. It was pointed 
out that iteration does not work here. 

Dr. Bouwkamp, however, brought up the fact that 
one may consider the problem as a saltus problem, and 
instead of prescribing (approximately) the field in the 
aperture, one prescribes the discontinuities of the field 
across the boundary. Then the Kirchoff formulation 
yields an exact solution of the saltus problem. He also 
stressed that, from the physicist’s point of view, no 
formulation which permits backward radiation can be 
considered as a mathematical representation of Huy- 
gens’ principle. 

An example in which the use of the Kirchhoff- 
Huygens theory in far zone backscatter gave good agree- 
ment with experiment was also mentioned. 


NorMAL MoprE THEORY 


Dr. Bremmer began the discussion on this subject. 
According to his view, the essential point of mode 
theory is that one starts from the boundary conditions, 
leaving the sources out of consideration, in determining 
the modes. The sources are then taken into account by 
linear superposition of mode solutions. He discussed in 
some detail the problem of a plane earth with an in- 
homogeneous but horizontally stratified atmosphere, 
separated from the earth by a homogeneous layer. 

Dr. Friedman gave the following as a possible defi- 
nition of mode: for the wave equation in a separable 
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coordinate system any solution of the equation which 
satisfies the boundary conditions for all except one of 
the coordinates is a mode; any distribution of sources 
being expressible as a linear combination of modes. 

The question of physical meaning of a mode was dis- 
cussed; 7.e., is a mode simply a term in a mathematical 
formula or does it have some definite physical meaning. 
In this connection the problem of the unbounded me- 
dium and the accompanying: continuous spectrum of 
modes was brought forth. It was pointed out that modes 
of a continuous spectrum could hardly be assigned any 
physical meaning since the path of integration could be 
altered. This point of view was, however, disputed on 
the ground that the basic representation was unique 
and that other representations were merely means of 
calculation. 

In the problem of propagation of explosive sound be- 
tween two parallel perfectly reflecting planes it has been 
possible to interpret each mode physically as being 
associated with a given angle of reflection from the 
bounding surfaces. 

Regarding series expansions of a field quantity in some 
cases one finds that one can attach specific physical 
ideas to each term. For example, each term can exist 
by itself, each carrying a finite amount of power. In 
other cases, notably including the continuous spectrum 
case, the term cannot exist independently and each may 
have infinite energy content. The question is then: 
should any series expansion be considered a mode ex- 
pansion, or should one restrict the latter label to the 
case where each term has some accompanying physical 
idea. The members of the panel did not seem to be 
agreed on this point, some wishing to restrict the term 
“mode” to the case of finite energy content, while 
others would use the term in any formal (but conver- 
gent) series expansion. 


SOMMERFELD SURFACE WAVE 


This topic was introduced by Prof. Bafios. Histori- 
cally, the subject is based upon the 1909 paper of Som- 
merfeld.2 The statements which Bafios made were a 
result of his joint research® over the last several years, 
The main problem is a mathematical one and arises 
from the solution of the problem of an electric dipole 
placed in the interface between two conducting media. 
The solution to this is represented as an integral in the 
complex plane. By the use of contour integration a 
further representation is obtained consisting, in general, 
of three terms. Of these, two are integrals along certain 
branch cuts while the third is the residue arising from a 
certain pole in the complex plane. It is this residue term 


2 Sommerfeld, “Uber die ausbreitung der wellen in der drahte 
losen telegraphie,” Ann. Phys., vol. 28, pp. 665-737; 1909 

3 Bafios and Wesley, “The horizontal electric dipole in a con- 
ducting half-space,” Parts I and II, SIO, vol. 53, p. 33; September, 
1953; and SJO, vol. 54, p. 31; : August, 1954, 
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which Sommerfeld called the “surface wave” and which 
Bafios calls the “Sommerfeld surface wave.” The main 
point of Bafios’ introduction was that at some inter- 
mediate range (which is a well-defined function of the 
parameters of the problem) the residue or surface-wave 
term has a r—/? dependence and hence is the dominant 
part of the solution. However, for large r the branch cut 
integrals asymptotically cancel the residue term. Bafios 
referred to this as the “swallowing-up” of the surface 
wave at infinity. 

The first point of the rather lively discussion that 
followed was an objection by Dr. Schelkunoff. He read 
a lengthy quotation from Zenneck* which stated, in 
effect, that the surface wave behaved essentially as 
v2 for all ry and therefore became dominant with in- 
finite range. This was in obvious disagreement with 
Bafios’ statement concerning the “swallowing-up” of 
the surface wave at infinity. Schelkunoff agreed that his 
disagreement with Bafios might be a semantical one 
and that instead of the term “Sommerfeld surface 
wave” we should use the term “contribution arising 
from the residue at the pole.” 

Following this, several other members of the panel 
entered into a fairly detailed discussion of the mathe- 
matical difficulties of the problem, which are not in- 
considerable. Of the points which were discussed the 
most important seemed to be that brought out by Dr. 
Bouwkamp. This concerned the application of the 
classic (Sommerfeld) radiation condition in the pres- 
ence of a plane interface. He said that this is a crucial 
point in problems of this type and that much work 
needs to be done along this line. Since Sommerfeld’s 
original paper in 1909, about fifty papers have appeared 
on the subject. Most of these contain differences and 
some, mistakes. In fact, Sommerfeld himself had made 
contradictory statements as late as 1947. One alter- 
native radiation condition was suggested to Bouwkamp 
and it was not immediately obvious that it was equiva- 
lent to Sommerfeld’s. Various members of the panel 
suggested ways of determining the physical existence 
of surface waves (!), and debated whether or not sur- 
face waves would exist (either mathematically or phys- 
ically) if neither medium were allowed to have conduc- 
tivity. The session was closed by Dr. Bremmer who 
summarized a recent (unpublished) paper by van der 
Pol concerning the existence of a transient surface 
wave. 


PROPAGATION BEYOND THE HORIZON 


The subject was introduced with a brief summary by 
Dr. Carroll of the history of the problem and of the 
work on it in which he has been engaged. He pointed 
out that the original “line-of-sight” hypothesis was 
inadequate to explain the observed phenomena and 


4 A. E. Seelig, “Lehrbuch der drahtlosen Peart. 
Hill Book Co., Inc., New York, N. Y., sec. 139; 1915 
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that the classical theory was vulnerable to criticism on 
two counts: 1) the use of an “effective” radius of the 
earth, taken as four-thirds the actual radius, to com- 
pensate for the presence of the inhomogeneous at- 
mosphere in ray-theoretical calculations; and 2) the 
fact that the gradient only and not the absolute value 
of the index of refraction makes its appearance in the 
theory. 

As an alternative to the classical approach, Dr. Car- 
roll offered a solution based on Furry’s theory of bilinear 
gradients. In the particular model which Carroll used, 
the index of refraction decreases linearly with increasing 
distance above the earth to the value unity at a certain 
height, and then remains equal to one as the height con- 
tinues to increase. Otherwise no special assumptions 
about the atmosphere are made. The eigenfunction ex- 
pansion obtained on the basis of this model gives results 
which are consistent with the observed dependence of 
energy upon distance from the source, namely, the lobe 
structure within the horizon, the sharp drop-off at the 
horizon, and the gradual decrease beyond the horizon.® 

An added feature of the theory is that the results are 
virtually independent of frequency over a wide range; 
this led to the conjecture that the theory was applicable 
over the entire electromagnetic spectrum. In confirma- 
tion it was noted that the duration and attenuation of 
twilight, an optical phenomenon known from the earli- 
est times but as yet unexplained, came within the scope 
of the theory and was successfully accounted for by it. 
The term “twilight zone” has consequently been sug- 
gested for the region just beyond the horizon. 

Carroll's presentation was followed by a lively dis- 
cussion, in which the Booker-Gordon theory, a promi- 
nent rival solution to the problem, played an offstage 
role. The latter explains propagation beyond the horizon 
in terms of refraction by zones of turbulence, or “blobs 
of inhomogeneity,” in the atmosphere. It was suggested 
that since Carroll’s modal theory hardly takes notice 
of the physical properties of the atmosphere, it is in- 
capable of dealing with such phenomena as signal 
fluctuation, the angular spectrum of the received signal, 
and the information bandwidth; further that incoherent 
scattering, which predominates outside the zone of the 
direct field, cannot be explained solely by adopting an 
index of refraction. Carroll answered that insofar as 
these phenomena were caused by thermal effects or by 
molecular scattering as distinguished from turbulent 
scattering, they could at length be fitted into the theory. 

He in turn criticized the turbulence theory on the 
grounds that the large number of parameters at one’s 
disposal tended to make each particular case of the 
theory an ad hoc creation, whereas the modal theory 
was derived on a minimum number of assumptions. 


5 These results are written up in detail by T. J. Carroll and R. M. 
Ring, “Normal tropospheric propagation of short radio waves well 
beyond the horizon,” M.I.T. Lincoln Lab. Tech. Report 38; Feb- 
ruary 12, 1954. 
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Several speakers were interested in the influence on 
the final results of the “kink,” or corner, in the bilinear 
gradient profile. Carroll’s own position was that the 
bilinear model was taken as it was in order to lead to 
tractable formulas, that the discontinuity in the first 
derivative could be avoided by joining the two segments 
with a suitable arc, that this process resulted in no 
important change in the calculations (7.e., of the field 
beyond the horizon), hence that the presence of the 
corner was not a decisive feature of the theory. The 
opposite view was expressed by Prof. Friedman, who 
presented an argument based upon the location of the 
eigenvalues associated with the bilinear profile. Fried- 
man’s conclusion was that the greater the difference in 
slope between the two segments of the gradient the 
smaller the attenuation of the field a great distance be- 
yond the horizon, but that there was a significant dif- 
ference in the attenuation between the cases of a per- 
fectly straight angle and a very nearly straight angle 
between the segments.® Other speakers pointed out that 
the question was ultimately relative to the wavelength 
and the accuracy with which one could measure a 
change in refractive index over a measurable fraction 
of a wavelength in the vertical direction. These said 
that it was nonsense to criticize a mathematical model 
on physical grounds within’ a range where physical 
measurements could not be made. Others maintained 
that, on the contrary, the details of the profile were of 
major imprtance, owing to the energy levels used and 
the high order of the modes necessary to get the results. 
They found in the high accuracy required in Carroll’s 
solution a possible breeding ground for errors and an 
obstacle to an understanding of the physical processes 
involved. 

The question about the kink in the gradient profile 
in the mode theory had its counterpart in a discussion 
over the cusp at the origin in the autocorrelation for the 
turbulence theory. This function, which characterizes 
the inhomogeneity distribution, has usually been as- 
sumed to be exponential, and the exponential function 
has a cusp. The belief was expressed that the cusp as- 
sumption is necessary to achieve agreement with ex- 
periment, but the presence of the cusp implies that the 
refractive index changes discontinuously at the bound- 
ary of a blob. L. Liebermann’s’ work on scattering by 
temperature inhomogeneities in the ocean was cited. 

After the Symposium proper Dr. Carroll submitted a 
list of unresolved problems, which may well be made 
part of the record. These questions together with his 
own ideas of the answers follow, together with a few 
additional remarks of his concerning the course of future 
investigations on the problem. 

6 Dr. Friedman’s summary of his position is contained in Ap- 
pendix. His detailed calculations are contained in two reports, which 
may be obtained from Technical Research Group, 56 W. 45th Street, 


New York 36, New York. 
TL. Lieberman. 
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QUESTIONS UNANSWERED DUE TO LACK OF TIME 


Although the crucial issues were well brought out, 
it was an inevitable consequence of time pressure that 
many of the questions raised by the audience and the 
round-table members were not dealt with, even though 
they could have been in the present state of knowledge. 
Chief of the questions may be listed as follows, along 
with a suggestion (in parentheses) of the gist of the 
answers which should have been given if time had per- 
mitted: 1) Mode theory explanation of twilight region 
fading (a combination of variation of index profile with 
time, and the effects of thermal motions of the scatter- 
ing molecules as yet not considered in mode theory); 2) 
“Gain loss” and observed pattern broadening on beam 
swinging experiments with antennas of many wave- 
lengths aperture (phase variation of the wave functions 
must be small over the vertical aperture of the antenna 
for the usual antenna gain relations to hold; in twilight 
region antenna pattern measurements, the effective 
source is not a point, but rather the illuminated air 
over the middle of the path, which subtends at the 
receiver an appreciable angle and causes beam broad- 
ening, as do radio stars which are not “points” as 
viewed by a narrow-beamed radio receiving antenna) ; 
3) Comparison of polarization effects on the two theories 
(experiments have been performed and seem to me to 
favor the idea of scatterers very small compared to a 
wavelength such as the molecular scatterers of mode 
theory); 4) Small frequency dependence of twilight 
fields (a consequence in mode theory of the frequency 
independence of the index of refraction in the radio re- 
gion, and obtainable in turbulence theory only by as- 
sumption of sharp sided blobs) ; 5) Limited pulse length- 
ening in experiments (due in mode theory to the limited 
range of phase velocity of the modes which contribute 
importantly to the twilight field); 6) physical basis 
of mode theory (coherent scattering in the air, com- 
bined with a careful treatment of the outgoing radiation 
condition at great heights); 7) Coalescence of the bi- 
linear modes to unusual airless earth modes in the 
limiting case of no air (mode summing must be carried 
out to see how the bilinear model calculated fields go 
over to the airless earth case deeper into the shadow as 
the air layer is gradually removed). 

While it was regrettable that time pressure prevented 
discussion of these and other questions at the Sympo- 
sium, future expositors of mode theory will profit tre- 
mendously from knowing in advance the questions 
which have arisen to retard its acceptance. 


AN IMPORTANT TASK IMMEDIATELY AHEAD 


It is clear the mode theory needs a much more com- 
plete explanation and physical interpretation than has 
yet appeared. This is necessary so that all workers in the 
field (theoristis and experimenters alike) shall see 
through the purely formal complications which are 
unfortunately inherent in any wave propagation theory 
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without ray-type approximations, and may thus come 
to have confidence in the twilight region calculated 
fields which come merely from introducing the absolute 
value of the index of refraction properly into the calcu- 
lation, and vacuum propagation conditions at great 
heights. Furry’s original treatment of the bilinear 
model is based on a treatment derived from similar po- 
tential well problems in wave mechanics, and this in it- 
self introduces an element of unfamiliarity to classical 
radio propagation theorists. In addition, the radio 
problem has peculiarities of its own, such as the com- 
plex eigenvalues and the large ratio of earth radius and 
air layer thickness to the wavelength. Of course, the 
optical theory of propagation in inhomogeneous media 
underlies both the radio and the quantum mechanical 
problems. There is the difference that in optics the in- 
homogeneous medium problem can usually be simplified 
to the one of piecewise homogeneous media. This cannot 
be done in radio wave propagation through the in- 
homogeneous atmosphere where the complication of a 
smoothly varying index of refraction must be handled 
correctly and without oversimplification, when highly 
accurate results are desired. 


REFLECTIONS ON RECENT HISTORY OF 
PROPAGATION THEORY 


To the partisan believer in mode theory, the con- 
ference brought a sense of relief that the omnipresent 
air layer itself, kept there by gravity, is very soon to 
have proper but belated consideration as the cause of 
omnipresent and useful radio twilight propagation. 
Optical twilight is its analog, both theoretically and 
observationally. The essential ingredients in this puzzle 
were known ten years ago: Furry’s bilinear moded 
theory had been developed, and the experimental dis- 
crepancies well beyond the horizon had begun to show 
up. It has nevertheless taken years to fit the pieces of 
nature’s puzzle properly together, and to view inter- 
esting bypaths, such as the turbulence hypothesis, in 
proper perspective. : 

The importance of verifying theory by experiment 
and vice versa is surely a lesson retaught by this recent 
history of tropospheric propagation. Marconi’s 1901 
experiment upset the dogmatic “line of sighters” of that 
day, but only beginning in 1918 did the theory catch up 
sufficiently to incite the experimental discovery of the 
ionosphere in 1925, and the usefulness of short waves 
which had been long mistakenly relegated to the 
amateurs as too short to be useful. The curved earth 
diffraction theory for vhf and microwave propagation 
around an airless earth became understood only in the 
late 1930's, only to suffer the fate of being too firmly 
believed in. In effect, it restored the line of sight limita- 
tion into experimenter’s thinking, so that the interpre- 
tation of the radio twilight phenomenon has been de- 
layed to the present time despite Marconi’s anticipation 
of the phenomenon in 1932. 
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His work in this posi- 
tion was concerned 
with the develop- 
ment of aircraft and 
shipboard antennas. 
From February, 1946, 


J. T. BoLLjaAHN 


to September, 1949, he was with the Univer- 
sity of California Antenna Laboratory. 
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served in the U. S. Navy from 1943 to 1946 
as a radio technician, 
maintaining radio, 
radar, and _ sonar 
equipment. In 1946, 
he entered the Uni- 
versity of Washing- 
ton and received the 
B.S.E.E. in 1950. 

Since then he has 
been at Boeing Air- 
plane Co. asa research 
engineer assigned to 
the antenna group of 
the Physical Re- 
search Staff. He took part in the develop- 
ment of uhf and shf cavity type helical an- 
tennas and has a patent pending dealing 
with a cavity type helical antenna. 

He is a member of Tau Beta Pi and Sig- 
ma Xi. 


A. BystTrRoM, JR. 


F. M. Capps was born in Great Bend, 
Kan. on May 18, 1918. He served as flight 
engineer with the Air Force in the China, 
Burma, India theater 
from 1942 through 
1946. He received his 
B.A. degree from the 
University of Colo- 
rado in 1950 and did 
graduate work at 
Texas Christian Uni- 
versity. Since 1951 
he has been engaged 
in research on irregu- 
lar terrain propaga- 
tion with the Tropo- 


IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION 95 


Contributors 


spheric Propagation Research Section of the 
National Bureau of Standards in Boulder, 
Colorado. 

He is a member of Phi Delta Kappa. 


o 


°, 
% 


S. B. Cohn (S’41—A’44—M’46-SM’51) 
was born in Stamford, Conn. in 1920. He re- 
ceived the B.E. degree in electrical engineer- 
ing from Yale Uni- 
versity in 1942; the 
M.S. degree in com- 
munication engineer- 
ing in 1946, and the 
Ph.D. degree in engi- 
neering sciences and 
applied physics in 
1948, both from Har- 
vard University. 
From 1942 to 1945, 
he was employed as 
a special research as- 
sociate by the Radio 
Research Laboratory of Harvard University, 
also representing that Laboratory as a tech- 
nical observer with the U. S. Army Air 
Force in the Mediterranean Theater of Op- 
erations. Dr. Cohn worked at Sperry Gyro- 
scope Co. from 1948 to 1953, where he held 
the position of research engineer in the Mi- 
crowave Instruments and Components De- 
partment. 

Since February, 1953, he has been with 
the Stanford Research Institute, as head of 
the Microwave Group of the Antenna Sys- 
tems Laboratory. 

He is a member of Tau Beta Pi and Sig- 
ma Xi. 


S. B. CoHN 


J. T. deBettencourt (A’50) was born in 
Washington, D. C., on June 9, 1912. He re- 
ceived the B.E.E. degree in 1932 and the M.S. 
degree in physics in 
1934 both from the 
Catholic University 
of America. He re- 
ceived the M.S. de- 
gree in 1937 and the 
Sc.D. degree in 1949 
both in communica- 
tion engineering at 
Harvard University. 

From October, 
1941 to June, 1946, 

DEBETTENCOURT Dr. deBettencourt 
served with the Bu- 
reau of Ships, during the latter period as head 
of the Airborne Radar Design Section. After 
the war, he joined the Raytheon Manufac- 
turing Co. as part-time engineer while finish- 
ing his Doctorate as research associate at 
Harvard. Until 1951 he was section head and 
section manager in the Engineering Division. 
In January, 1951, he joined the Research 
Laboratory of Electronics at M.I.T. He 
joined the staff of Pickard and Burns as 
vice-president of research in August, 1955. 


96 IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION 


L. B. Felsen (S'47—A’53—M’54) was born 
in Munich, Germany, on May 7, 1924. He 
entered the United States in 1941, and dur- 
ing World War II 
was concerned with 
work on_ electronic 
ballistic calibration 
devices. He received 
the B.E.E., M.E.E., 
and D.E.E. degrees 
from the Polytechnic 
Institute of Brooklyn 

—.. in 1948, 1949, and 
4 1952, respectively. 

Since 1948, he has 
been employed at the 
Microwave Research 
Institute of the Polytechnic Institute of 
Brooklyn and presently holds the position 
of research assistant professor. His work has 
been concerned chiefly with electromagnetic 
diffraction problems, and microwave circuit 
and measurement techniques. 

Dr. Felsen is a member of Eta Kappa 
Nu, Tau Beta Pi, and Sigma Xi. 


L. B. FELSEN 


2, 
Sd 


R. C. Honey (S’48-A’53) was born in 
Portland, Ore., on March 9, 1924. He re- 
ceived the B.S. degree in physics from the 
California Institute 
of Technology in 
1945, and the E.E. 
and Ph.D. degrees in 
electrical engineering 
from Stanford Uni- 
versity in 1950 and 
1953 respectively. 

He served as a 
radio technician in 
the U. S. Navy until 
1946 and was a mem- 
ber of the local oscil- 
lator microwave proj- 
ect at Stanford University Electronics Re- 
search Laboratory from 1948 to 1952. Since 
1952, he has been with the Microwave Group 
of Stanford Research Institute. 


R. C. Honry 


E. M. T. Jones (S’46-A’50-—SM’56) was 
born in Topeka, Kan., on August 19, 1924. 
He received the B.S. degree in electrical engi- 
neering from Swarth- 
more College in 1944 
and the M.S. and 
Ph.D. degrees in elec- 
trical engineering 
from Stanford Uni- 
versity in 1948 and 
1950 respectively. 

From 1944 to 
1946, Dr. Jones was 
a radar maintenance 
officer in the U. S. 
Navy. While at Stan- 
ford, he was a re- 
search associate working on the microwave 
local oscillator project. Dr. Jones joined the 
staff of the Stanford Research Institute in 
1950 where he is a senior research engineer. 

He is a member of Sigma Tau and RESA., 


E. M. T. JoNES 


R. S. Kirby (M’50) was born in Law- 
rence, Kan., on July 31, 1920. He received 
the B.S. degree in engineering in 1943 from 
the SUS.) Naval 
Academy. He served 
as an officer on Pa- 
cific Fleet destroyers 
from 1943 until 1946, 
his duties including 
those of communica- 
tions officer, naviga- 
tor, and executive- 
officer afloat. 

In 1947 Mr. Kirby 
joined the staff of the 
National Bureau of 
Standards, and has 
been engaged in propagation studies at the 
Central Radio Propagation Laboratory. In 
1948 he acted in an advisory capacity on 
propagation tests of air-to-ground com- 
munications conducted at the Naval Air 
Test Center, Patuxent River, Md. Since 
1951 he has been working with the Labora- 
tory in Boulder, Colo. 

He is a member of study group V, Inter- 
national Radio Consultative Committee. 


R. S. KirBy 


2, 
Oo 


W. S. Lucke was born in Knoxville, 
Tenn. in 1921. He received the B.S. de- 
gree in 1943, the M-A. and M.E.S. de- 
grees in 1947, and 
the Ph.D. degree in 
physics in 1949, all 
from Harvard Uni- 
versity. 

He was a member 
of the technical staff 
at Bell Telephone 
Laboratories from 
1943 to 1946, anda 
research associate at 
Cruft Laboratory, 
Harvard University, 
from 1948 to 1949. 

Dr. Lucke joined Stanford Research In- 
stitute in May, 1949. He has devoted a 
major portion of his time to the problems of 
the Radio Systems Laboratory. 

He is a member of Sigma Xi, RESA, and 
SIAM. 


W. S. LUCKE 


P. N. Mathur was born in Delhi, India, 
and received the B.Sc. and M.Sc. degrees in 
physics from the University of Delhi. He 
entered the United 
States in 1947, and 
thereafter received 
the M.S. degree in 
aeronautical _—_ engi- 
neering, and _ later, 
M.S. and Ph.D. de- 
grees in theoretical 
and applied mechan- 
ics, all from the Uni- 
versity of Illinois. 

During his resi- 
dence at the Univer- 
sity of Illinois, he 
worked on various projects as research as- 
sistant in the College of Engineering, and at 


P. N. MatHur 


January 


the Meteorology Radar Laboratory of the 
Illinois State Water Survey for the State De- 
partment of Education. He is presently em- 
ployed in the Gas Turbine Department of 
the Scientific Laboratory at Ford Motor Co. 

He is a member of Sigma Xi and the 
American Society for Mechanical Engineers. 


° 


°, 
* 


Tetsu Morita (S’44-A’49-SM’54) was 
born in Seattle, Wash., in 1923. He received 
the B.S. degree in electrical engineering from 
the University of 
Nebraska in 1944, 
and the Ph.D. degree 
in engineering  sci- 
ences from Harvard 
University in 1949. 

From 1949 to 
1953, he was a re- 
search fellow and 
head of the antenna 
research group. at 
Harvard University. 
From 1951 to 1953, 
he was a consultant 
on microwave antennas for Trans-Sonics 
Inc., and in 1953, for Sylvania Electric Co. 

Dr. Morita joined the staff of Stanford 
Research Institute in October, 1953. 

He is a member of the American Physi- 
cal Society, Sigma Xi, and RESA. 


Tetsu Morita 


*, 
e 


E. A. Mueller was born on May 3, 1927 
in Belleville, Ill. He received the B.S. degree 
in electrical engineering from the University 
of Illinois in 1951, 
and the M.S. degree 
in electrical engineer- 
ing in 1952 from the 
same university. 

For four years, he 
served in the Navy as 
an instructor in the 
Aviation Electronics 
school. In 1952, he 
joined the staff of the 
Illinois State Water 
Survey as a research 
engineer. 

Mr. Mueller is a member of Eta Kappa 
Nu, Tau Beta Pi, and Pi Mu Epsilon. 


E. A. MUELLER 


H. A. Myers (S’51—A’54) was born in 
Lansing, Mich. on July 11, 1925. He re- 
ceived the B.S. degree in electrical engineer- 
ing from the Univer- 
sity of Oklahoma in 
1946, and the M.S. 
degree in electrical 
engineering in 1950, 
and Ph.D. in applied 
mathematics in 1954, 
both from Michigan 
State College. 

He joined Inter- 
national Telephone 
and Telegraph as an 
engineer in 1946. Dur- 


H. A. Myers 


1956 


ing 1950-51 he was a graduate assistant in 
electrical engineering, and from 1953 to 1954 
held the same position in the mathematics 
department of Michigan State College. Since 
1954, he has been an associate engineer with 
the RAND Corp. 

Dr. Myers is a member of Tau Beta Pi, 
Phi Kappa Phi, Pi Mu Epsilon, Eta Kappa 
Nu, Sigma Tau, and Sigma Pi Sigma, and an 
associate member of Sigma Xi. 


M. A. O’Grady was born in Ottawa, Can- 
ada, in 1934. She received her secondary ed- 
ucation in Ottawa and then attended St. 
Patrick’s College of 
Ottawa University. 
Her major was math- 
ematics and she re- 
ceived the B.S. de- 
gree in June, 1954. 
For ore year, she was 
employed by the De- 
fense Research Board 
in research work at 
the Radio Physics 


Laboratory. 
M. A. O’GRrapy At present, Miss 
O’Grady is taking 


graduate courses toward a teaching degree 
at the Ontario College of Education. She 
hopes to teach mathematics and Latin on 
a secondary level. 


2, 
* 


Charles Polk (A’52) was born on January 
15, 1920 in Vienna, Austria. He came to this 
country in 1940. From 1943 to 1946 he 
served in the U. S. 
Army, part of this 
time as an instructor 
in a service school 
concerned with elec- 
tro-medical  equip- 
ment. He _ received 
the B.S. degree in 
electrical engineering 
from Washington 
University in 1948 
and the M.S. degree 
in physics from the 
University of Penn- 
sylvania in Philadelphia in 1953. 

From 1948 to September, 1952, Mr. Polk 
was employed by Radio Corporation of 
America working mostly on problems re- 
lated to uhf television transmitting an- 
tennas. Since that time, he has been at the 
Moore School of Electrical Engineering of 
the University of Pennsylvania where he has 
been engaged in research, teaching, and 
study for the Ph.D. degree in electrical en- 
gineering. 


CHARLES POLK 


Contributors 


E. W. Seeley (S’50—A’55) was born in 
Miles City, Mont., on February 24, 1926. 
He received the B.S. degree in electronic en- 
gineering from Cali- 
fornia State Poly- 
technic College in 
1952, and the MS. 
degree from Stanford 
University in 1953. 

oe OSOh ene ts 
Seeley joined the fuze 
division of the Na- 
tional Bureau of 
Standards in Corona, 
Calif., and remained 
with that laboratory 
when it was trans- 
ferred to naval ordnance. Presently he is 
working in the antenna group which is con- 
cerned with miniaturizing antennas and 
antenna systems. 


E. W. SEELEY 


Samuel Silver (M’46-SM’50-F’54) was 
born on February 25, 1915, in Philadelphia, 
Pa. He received the A.B. in physics in 1935, 
and the M.A. in 
physics in 1937, both 
from Temple Univer- 
sity. In 1940, he re- 
ceived the Ph.D. 
degree from Massa- 
chusetts Institute of 
Technology. 

He was a research 
assistant in physics 
at Ohio State Uni- 
versity from 1940 to 
1941, and an instruc- 
tor and assistant pro- 
fessor at the University of Oklahoma from 
1941 to 1943. His research work during this 
time was on molecular structure and vibra- 
tional spectra. 

From 1943 to 1946, Dr. Silver was a staff 
member of the Radiation Laboratory at 
M.I.T. and the following year worked as a 
physicist in the antenna research section of 
Naval Research Laboratory. Since 1947, he 
has been with the department of electrical 
engineering of the University of California 
where he is now a professor of engineering 
science. Applied electromagnetic theory, an- 
tennas, and microwave optics have been his 
major fields of research since 1943. 

Dr. Silver is a fellow of the American 
Physical Society, a member of Sigma Xi, and 
the American Association for the Advance- 
ment of Science, and the co-chairman of the 
Technical Program Committee of Wescon 
for 1955. He was awarded a Guggenheim 
Research Fellowship in 1953, and in 1954 
began a three-year term as President of the 
Commission on Radio Waves and Circuits 
of the International Scientific Radio Union. 


SAMUEL SILVER 


Se, 


97 


J. R. Wait was born in Ottawa, Canada, 
in January, 1924. He attended McGill Uni- 
versity for a brief period before enlisting in 
the Canadian Army 
in 1942. By the end 
of the war he was a 
foreman in a radar 
workshop at Kings- 
ton, Ontario. 

He received the 
B.A.Sc. and M.A.Sc. 
degrees in engineer- 
ing physics from the 
University of To- 
ronto in 1948 and 
1949 respectively. At 
this time he was em- 
ployed as a junior research engineer at the 
Hydro Electric Power Commission of On- 
tario where he assisted in the development 
of an infra-red bolometer. Returning for 
further graduate work to the University of 
Toronto, he obtained a Ph.D. degree in 
electromagnetic theory in 1951. 

From 1949 to 1952 Dr. Wait was associ- 
ated with Newmont Exploration Ltd. of 
Jerome, Ariz. where he conducted theoreti- 
cal and experimental research in electrical 
prospecting. From 1952 to 1955 he was a 
section leader in the Defence Research Tele- 
communications Establishment in Ottawa 
where he was mainly concerned with theo- 
retical problems in radiation. He is now a 
theoretical physicist with the Central Radio 
Propagation Laboratory of the National Bu- 
reau of Standards in Boulder, Colorado. 

He is a member of the Research Society 
of America, the Society of Exploration Phys- 
icists, the Professional Engineers of Ontario, 
and the Canadian Association of Physicists. 


J. R. Wait 


o, 
“ 


W. A. Whitcraft, Jr. (S’47—A’48-M’51-— 
SM’'55) was born on April 2, 1917, in Cam- 
bridge, Ohio. He received the A.B. degree 
in music from Har- 
vard College in 1939 
and M.S. in commun- 
ications engineering 
from Harvard Uni- 
versity in 1947. 

From 1941 to 1946 
he served in the 
armed forces, spend- 
ing two years in the 
South and Southwest 
Pacific as a Ground 
Radar Officer and 
later as IFF Officer 
and Assistant Air Radar Officer of 13th Air 
Force Headquarters. 

Since June, 1947, Mr. Whitcraft has 
been with the Raytheon Manufacturing 
Co. of Waltham, Mass., engaged in engi- 
neering research and development activities 
on various government contracts. This work 
has included pulse handling circuit tech- 
niques, antennas, and problems of wave 
propagation in the high-frequency band. 


W. WHuirTcraftT, JR. 


98 IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION 


IRE Transactions on Antennas and Propagation 


Index to Volume AP-3—1955 


Volume AP-3, Number |, January, 1955 


Index 
Number 
INGWS?alld AVICWS 2. tre. ches OL. cea epee 
AP136. Double Parabolic Cylinder Pencil-Beam Antenna, R. C. 
Spencer, F. S. Holt, H. M. Johanson, and J. Samp- 


AP137. An Atmospheric Analyzer, P: F. Smith.....:....... 
AP138. A Single-Control Tuning Circuit for Electrically Small 
INtitennas mw bn VVCDSUCIa nae ware ut cc Fabaceae 
AP139. Design of Line-Source Antennas for Narrow Beam- 
width and Low Side Lobes, T. T. Taylor......... 
AP140. On the Input Conductance of Thin Antennas, Giorgio 
Bazi liens ea eA eee ae tas hala irs ereieidiiore Sue ter Seet s 
AP141. Theory of Radio Reflections from Electron-Ion Clouds, 
Vonek Eechlemarnmten setae: aa eee ae ere 
AP142. Discussion on Optimum Patterns for Endfire Arrays, 
RSI Pritchandame wens ae ae a ee te eee 


Volume AP-3, Number 2, April, 1955 


INEWS and ViEWsiem Sik aria ea ss OFA pute ater & 

AP143. Synthesis of Radio Signals on Overwater Paths, A. H. 
LaGrone, A. W. Straiton, and H. W. Smith....... 

AP144. A Nonresonant Endfire Array for VHF and UHF, 
Wee AGC immin es ee ae tae sean. oc COR ee eee 

AP145. Radio Transmission Loss vs Distance and Antenna 
Height at 100 Mc, P. L. Rice and F. T. Daniel.... 

AP146. Spacing-Error Analysis of the Eight-Element Two- 
Phase Adcock Direction Finder, D. Travers....... 

AP147. The End Correction for a Coaxial Line When Driving 
an Antenna Over a Ground Screen, Ronold King. . 

AP148. The Shielding of Radio Waves by Conductive Coat- 
hated Dra Coal abUULS aco 3.” Oe peal le creed o REE eee cnet 

AP149. VHF Auroral and Sporadic-E Propagation from Cedar 
Rapids, Iowa, to Ithaca, New York, Rolf Dyce... 

AP150. Endfire Slot Antennas, B. T. Stephenson and C. H. 
Walter ancy... isctete tren a Seen 5 ose Koma ear ae 

Communications: 

AP151. The Various Theories on the Propagation of Ultra- 
Short Waves Beyond the Horizon, Jean Ortusi.... 


Volume AP-3, Number 3, July, 1955 


Proceedings or Transactions? (Editorial)............ 

ING Wrage VC Ws sates ye aes k Ree Soo tay pe eee 

AP152. Back-Scatter from Perfectly Conducting Doubly- 
Trochoidal and Doubly-Sinusoidal Surfaces, W. C. 


AP153. On Nonuniform Dielectric Media, B. R. Barrar and 
RaMSRedhettere ek vfs 70 0s. oom, Cee eee eee ae 
AP154. A Dual-Standard for Radar Echo Measurements, 
MEE Cohenyand Ina Gs bishermaates see eee 
AP155. Folded Unipole Antennas, J. Leonhard, R. D. Mat- 
tuck and "Ac POté: Aoe.c- town. 6. ee 
AP156. Characteristics of Tropospheric Scattered Fields, L. G. 
pDrolese=taq EFA shen eee ee ae I RS eae 


Contents 
AP157. 
Pare AP158. 

1 
AP159. 

4 
g AP160. 
AP161. 

12 
AP162. 
16 AP163. 

29 
AP164. 

32 

40 
AP165. 

45 
AP166. 
48 AP167. 

Ly 
AP168. 

59 
AP169. 

63 
AP170. 

66 
AP171. 

72 
AP172. 

76 
AP173. 

81 
AP174. 

86 
AP175. 
OSA PO: 

94 
INIPATZ 7s 
96 AP178. 
101 AP179. 
108 API180. 
Ht AP tsir 

117 


Use of Folded Monopoles in Antenna Arrays, J. B. 


A New Interpretation of the Integral Equation For- 
mulation of Cylindrical Antennas, C. T. Tai...... 

The Radiation Field Produced by a Slot in a Large Cir- 
cular Cylinder) ES Ballinteer 

Communications: 

Fresnel Antenna Patterns, L. W. Lechtreck......... 

Parasitic Arrays Excited by Surface Waves, R. S. El- 


Tropospheric Refraction Near Hawaii, Grote Reber. . 
Effect of Arbitrary Phase Errors on the Gain and 
Beamwidth Characteristics of Radiation Pattern, 
D. K. Chéng 225.25 cS ae es oe eee 
IRE-URSI Symposium, Washington, D. C.......... 


Volume AP-3, Number 4, October, 1955 


News and: Views #) a0: Sale ae Ree eee 
Prediction of Oceanic Duct Propagation from Climato- 
logical Data, L. J. Anderson and E. E. Gossard.... 
The Curved Passive Reflector, E. Bedrosian......... 
A Multiple Telemetering Antenna System for Super- 
sonic Aircraft, R. E. Anderson, J. Dorrenbacher, R. 
Krausz,cand) le viargeruminne pines ee eee 
Measurement of Electric Field Distributions, R. Jus- 
tice and? Vs HeRuimseyige ac tree ke eee 
Determining the Reflector Surface of a Radar Antenna 
with Point Source Feed, Pentti Laasonen......... 
Multipath Phase Errors in CW-FW Tracking Systems, 
TE. Sollenberger..t3.- avin.) ae 
Application of the Reaction Concept to Scattering 
Problems, Mo HaGohenw 3a). .) eee 
Radiation Patterns of Slotted-Elliptic Cylinder Anten- 


The Transmission-Line Properties of a Round Wire 
Between Parallel Planes, H. A. Wheeler.......... 
Current Distribution on Wing-Cap and Tail-Cap An- 
tennas, I. Carswell ; 
Communications: 
Note on a Method for Calculating Coupling Coeffi- 
cients of Elements in Antenna Arrays, V. T. Nor- 


On-Axis Defocus Characteristics of the Paraboloidal 
Reflector, D. K. Cheng and S. T. Moseley........ 
Available Bandwidth in 200-Mile VHF Tropospheric 
Propagation, L. A. Ames and T. F. Rogers........ 
Bibliography of Nonuniform Transmission Lines, H. 
Kaufman... Sa cee ae ee ee eee 
Microwave Optics, Part I—Report on Microwave Op- 
tics, ,RaC.‘Spencerten,. a7i-e ee eeeeee 
Part I1—Diffraction Problems of Microwave Optics, 
H.Bremmer. eyes eee Dee 
Part I1]—Recent Researches on the Foundations of 
Geometric Optics and Related Investigations in 
Electromagnetic Theory, E. Wolf 


January 


125 


138 
140 
143 


145 
148 


1956 


Annual Index 1955 


Index to Authors 


99 


Numbers refer to index numbers in contents listing. 


A Eshleman, V. R.: AP141 


Ames, L. A.: AP177 
Anderson, L. J.: AP165 
Anderson, R. E.: AP167 


B 


Balin, L. L.: AP159 
Barrer, R. B.: AP153 


Bedrosian, E.: AP166 H Moseley, S. T.: AP176 
Brazilai, G.: AP140 Hill, E. L.: AP148 N 
Bremmer, H.: AP180 Hoffman, W. C.: AP152 ot 
: Holt, F. S.: AP136 Norwood, V. T.: AP175 

O 
Carswell, I.: AP174 J ; . 
Cheng, D. K.: AP163, AP176 [ota non ELEN AB 3é Ortusi, J.: AP151 
Cohen, M. H.: AP154, AP171 Tekies opie” - p 
Cumming, W. A.: AP144 ore 

K Potew Awan NLS > 


D 


Daniel, F. T.: AP145 
Dorrenbacher, J.: AP167 
Dyce, R.: AP149 


E 
Elliott, R. S.: AP161 


Fisher, R. C.: AP154 


Gossard, E. E.: AP165 


Laasonen, P.: AP169 


¥F Leonard, J.: AP155 
Lewis, J. B.: AP157 


G M 


Pritchard, R. L.: AP142 
Kaufman, H.: AP178 


King, R.: AP147 R 
Krausz, R.: AP167 


Reber, G.: AP162 


Redheffer, R. M.: AP153 


L Rice. Pes API45 


LaGrone, A. H.: AP143 
Lechtreck, L. W.: AP160 


Margerum, D. L.: AP167 
Mattuck, R. D.: AP155 


Rodda, E. N.: AP161 


Rogers, IT. F.: AP177 
Rumsey, V. H.: AP168 


S) 


Sampson, J.: AP136 

Smith, H. W.: AP143 

Smithy Wh eee ao 
Sollenberger, T. E.: AP170 
Spencer, R. C.; AP136, AP179 
Stephenson, B. T.: AP150 
Straiton, A. W.: AP143 


T: 


aCe ler Nisliog 
dtesakere, 1 Ihas NPN 
Travers, D. N.: AP146 
Trolese, L. G.: AP156 


Ww 


Walyer, C. H.: AP150 
Webster, R. E.: AP138 
Wheeler, H. A.: AP173 
Wolf, E.: AP181 
Wong, J. Y.: AP172 


Index to Technical Subjects 


Abstracts, IRE-URSI Symposium: AP164 
Adcock Direction Finder: AP146 
Analyzer, Atmospheric: AP137 
Antenna Height and Distance, Transmission 
Loss vs, at 100 Mc: AP145 
Antenna Patterns, Fresnel: AP160 
Antenna System, Multiple Telemetering, for 
Supersonic Aircraft: AP167 
Arrays: AP142, AP144, APi57, AP161, 
AP175 
Coupling Coefficients of Elements in: 
NPWS 
Endfire: AP142, AP144 
Nonresonant, for VHF and UHF: 
AP144 
Optimum Patterns for: AP142 
Parasitic, Excited by Surface Waves: 
AP161 
Use of Folded Monopoles in: AP157 
Atmospheric Analyzer: AP137 
Auroral Propagation, VHF, and Sporadic-E 
Propagation: AP149 
Back-Scatter, from Perfectly Conducting 
Doubly-Trochoidal, Doubly-Sinu- 
soidal Surfaces: AP152 
Bandwidth Available in 200-Mile VHF 
Tropospheric Propagation: AP177 
Beamwidth: AP139, AP163 
and Gain Characteristics of Radiation 


Pattern, Effect of Arbitrary Phase 
Error on: AP163 
Narrow, Design of Line-Source Antennas 
for: AP139 
Beyond-the-Horizon Propagation of Ultra- 
Short Waves: AP151 
Coaxial Line, End Correction for, when 
Driving Antenna over Ground 
Screen: AP147 
Conductance, Input, of Thin Antennas: 
AP 140 
Conductive Coatings, Shielding of Radio 
Waves by: AP148 
Coupling Coefficients of Elements in Anten- 
na Arrays: AP175 
Current Distribution on Wing-Cap and Tail- 
Cap Antennas: AP174 
Curved Passive Reflector: AP166 
CW-FW _ Tracking Systems, 
Phase Error in: AP170 
Cylinder Antennas: AP136, AP158, AP159, 
AP172 
Double Parabolic Pencil-Beam: AP136 
Integral Equation Formulation of: AP158 
Slotted: AP159, AP172 
Elliptic: AP172 
Dielectric Media, Nonuniform: AP153 
Diffraction Problems of Microwave Optics: 
AP 180 


Multipath 


Direction Finder, Adcock: AP146 

Double Parabolic Cylinder Pencil-Beam An- 
tenna: AP136 

Electric Field Distributions, Measurement 
of: AP168 

Electrically Small Antennas, Single-Control 
Tuning Circuit for: AP138 

Electromagnetic Theory, and Geometric Op- 
tics: AP181 

Electron-Ion Clouds, 
from: AP141 

End Correction for Coaxial Line when Driv- 
ing Antenna over Ground Screen: 
AP147 

Endfire: AP142, AP144, AP150 

Array: AP142, AP144 
Nonresonant, for VHF and UHF: AP- 
144 
Optimum Patterns for: AP142 
Slot Antennas: AP150 

Folded Monopoles, Use of in Antenna Ar- 
rays: AP157 

Folded Unipole Antennas: AP155 

Fresnel Antenna Patterns: AP160 

Gain and Beamwidth Characteristics of Ra- 
diation Pattern, Effect of Arbitrary 
Phase Errors on: AP163 

Ground Screen, End Correction for Coaxial 
Line when Driving Antenna over: 


AP147 


Radio Reflections 


100 IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION 


Conductance of Thin Antennas: AP- 
140 
IRE-URSI Symposium: AP164 
Line-Source Antennas for Narrow Beam- 
width and Low Side Lobes: AP139 
Measurements: AP154, AP168 
of Electric Field Distribution: AP168 
Radar Echo, a Dual-Standard for: AP154 
Microwave Optics: AP179, AP180, AP181 
Diffraction Problems of: AP180 
Geometric Optics and Electromagnetic 
Theory: AP181 
Multipath Phase Errors in CW-FW Track- 
ing Systems: AP170 
Multiple Telemetering Antenna System for 
Supersonic Aircraft: AP167 
Nonuniform: AP153, AP178 
Dielectric Media: AP153 
Transmission Lines: AP 178 
Oceanic Duct Propagation, Prediction of 
from Climatological Data: AP165 
On-Axis Defocus Characteristics of Para- 
boloidal Reflector: AP176 
Optics: AP179, AP180, AP181 
Geometric, and Electromagnetic Theory: 
AP181 
Microwave: AP179, AP180, AP181 
Diffraction Problems of: AP180 
Paraboloidal {Reflector, On-Axis Defocus 
Characteristics of: AP176 
Pencil-Beam Antenna, Double 
Cylinder: AP136 
Phase Errors: AP163, AP170 
Arbitrary, Effect on Gain and Bandwidth 
Characteristics of Radiation Pat- 
tern: AP163 
Multipath, in CW-FW Tracking Systems: 
AP170 
Point Source Feed, Reflector Surface of Ra- 
dar Antenna with: AP169 
Propagation: AP151, AP165, AP177 
Oceanic Duct, Prediction of From Clima- 


Parabolic 


Editorials 
“Proceedings or Transactions?”, by J. R. 
Pierce: July, p. 93 


Chapter News 


Albuquerque-Los Alamos: April, p. 45 

Chicago: April, p. 45 

Los Angeles: April, pp. 45, 46; October, p. 
162 

Los Angeles Orange Belt Subsection: Janu- 
ary, p. 2; April, p. 45 

Philadelphia: January, p. 2; April, 
July, pp. 94, 95 

Washington, D. C.: January, p. 2; April, pp 
45, 46; July, p. 94; October, p. 162 


p. 45; 


Group News 


Administrative Committee: January, p. 1; 
October, p. 161 
Awards: April, p. 46 


tological Data: AP165 
of Ultra-Short Waves Beyond the Hori- 
zon: AP151 
VHF Tropospheric, Available Bandwidth 
in 200-Mile: AP177 
Radar: AP 154, AP169 
Antenna with Point Source Feed, Reflec- 
tor Surface of: AP169 
Echo, a Dual-Standard for Measurement: 
AP 154 
Radiation: AP159, AP163, AP172 
Field Produced by Slot in Large Circular 
Cylinder: AP159 
Patterns: AP163, AP172 
Effect of Arbitrary Phase Errors on 
Gain and Beamwidth Characteris- 
tics: AP163 
of Slotted Elliptic Cylinder Antennas: 
AP172 
Radio: AP143, AP145, AP148 
Signals on Overwater Paths, Synthesis of: 
AP143 
Transmission Loss vs Distance and An- 
tenna Height at 100 Mc: AP145 
Waves, Shielding by Conductive Coat- 
ings: AP148 
Reaction Concept, Application to Scattering 
Problems: AP171 
Reflections, Radio, from 
Clouds: AP141 
Reflector: AP166, AP169, AP176 
Curved Passive: AP166 
Paraboloidal, On-Axis Defocus Character- 
istics of: AP176 
Surface of Radar Antenna with Point 
Source Feed: AP169 
Refraction, Tropospheric: AP162 
Scattered Fields, Tropospheric: AP156 
Scattering Problems, Application of Reac- 
tion Concept to: AP171 
Shielding of Radio Waves by Conductive 
Coatings: AP 148 


Electron-Ion 


Nontechnical Index 


Liaison with PROCEEDINGS: January, p. 1; 
April, p. 45 

Membership: April, p. 45 

Panel on Scatter Propagation: July, p. 94 

Transactions: January, pp. 1, 3; April, p. 45; 
July, p. 94; October, p. 161 


Meetings 


International Council of Scientific Unions 

Mixed Commission on the Ionosphere: 
April, p. 47 

International Symposium on Electromag- 
netic Theory: April, p. 46; July, p. 94 

IRE National Convention, 1955: January, 
p. 2; April, p. 45 

IRE National Convention, 1956: July, p. 94 

IRE-URSI Spring Meeting: January, p. 2; 
April, p. 47; October, pp. 161, 162 

National Electronics Conference: July, p. 
95; October, pp. 161, 162 

Western Electronics Show and Convention: 
July, p. 95; October, p. 161 


ye a, 


Slot Antennas, Endfire: AP150 
Slotted Cylinder Antennas: AP159, AP172. 
Elliptic, Radiation Patterns of: AP172 
Sporadic-E Propagation, VHF: AP149 
Supersonic Aircraft, Multiple Telemetering | 
System for: AP167 
Surface Waves, Parasitic Arrays Excited by: 
AP 161 
Symposium, Abstracts of IRE-URSI: AP- 
164 } 
Tail-Cap Antennas and Wing-Cap Anten- 
nas, Current Distribution on: AP- 
174 
Antennas, 
AP 140 e 
Tracking Systems, CW-FW, pe G 
- Phase Errors in: AP170 
Transmission Line: AP173, AP178 
Nonuniform: AP178 
Properties of a Round Wire between 
Parallel Planes: AP173 
Transmission, Radio, Loss vs Distance and 
Antenna Height at 100 Mc: AP145 — 
Tropospheric Propagation: AP156, AP177 — 
Available Bandwidth in 200-Mile VHES 
AP177 
Characteristic of Scattered Fields: AP1S6_ 
Tropospheric Refraction near Hawaii: AP 
162 
Tuning Circuit, Single-Control for Electri- ; 
cally Small Antennas: AP138 
UHF and VHF, Nonresonant Endfire Array 
for: AP144 ‘ 
Ultra-Short Waves Beyond the Horizon, 
Propagation of: AP151 
VHF: AP144, AP149, AP177 


Thin Input Conductance of: 


a 
cm 


Auroral and Sporadic-E Propagate” * 
AP149 ag 
Tropospheric Propagation, Available 


Bandwidth in 200-Mile: AP177,— 
Wing-Cap Antennas and Tail-Cap Anten-_ 
nas, Current Distribution on: AP174 — 


Miscellaneous 


Combining Professional Groups: 
1m th 

Correspondence: January, p. 3; April, p. 47 _ 

CCIR (International Radio Consulting 
Committee): April, p. 47 


January 


Personals 


Booker, H. G.: January, p. 3 s 


‘Jordan, E. C.: January, p. 3 


Norton, K. A.: January, p. 2 
Rumsey, V. H.: January, p. 3 
Silver, Ss Janay pao 

slutz; Raj: Januaiys poses 
Straiton, A. W.: April, p. 45 
Tat, Co Daal anuanys pao 
Thomas, H. A.: April, p. 45 
Villard, O. J., Jr.: April, p. 45 
Waynick, A. H.: January, p. 3 


INSTITUTIONAL LISTINGS 


The IRE Professional Group on Antennas and Propagation is grateful for 
the assistance given by the firms listed below, and invites application for 
Institutional Listing from other firms interested in the field of Antennas and 


Propagation. ‘ 


COLLINS RADIO COMPANY, Cedar Rapids, Iowa 
Antenna Design and Propagation Research Related for Airborne and Ground Communication Systems. 


DEVELOPMENTAL ENGINEERING CORP., Washington, D. C. and Leesburg, Va. 
z x : Antenna Systems Research, Design, and Evaluation 


; ts a i 
f : 


e DORNE AND MARGOLIN, INC., 30 Sylvester Street, Westbury, L. I., New York 
Antenna Research and Development—Radiation Pattern Measuring Services. 


D. S. KENNEDY & CO., Cohasset, Mass. 
Microwave Antennas, Reflectors, Lenses, Radomes and Accessories. Design, Development and Production. 


THE GABRIEL LABORATORIES, Div. of the Gabriel Co., 135 Crescent Road, Needham Heights 94, Mass 
Research and Development of Antenna Equipment for Government and Industry. 


HUGHES AIRCRAFT COMPANY, Culver City, California 
Research, Development, Mfr.: Radar, Missiles, Antennas, Radomes, Tubes, Solid State Physics, Computers. 


I-T-E CIRCUIT BREAKER CO., Special Products Div., 601 E. Erie Ave., Philadelphia 34, Pa. 
Design, Development and Manufacture of Antennas, and Related Equipment. 


JANSKY & BAILEY, INC., 1339 Wisconsin Ave. N.W., Washington 7, D.C. 
Radio & Electronic Engineering; Antenna Research & Propagation Measurements; Systems Design & Evaluation. 


MARYLAND ELECTRONIC MANUFACTURING CORPORATION, College Park, Md. 
Antenna and System Development and Production for Civil and Military Requirements. 


RADIO ENGINEERING LABS., INC., 36-40 37th St., Long Island City 1, N. Y. 
Equipment for Communication and Propagation Test Beyond the Horizon UHF Systems. 


WEINSCHEL ENGINEERING CO., INC., Kensington, Md. 
Attenuation Standards, Coaxial Attenuators and Insertion Loss Test Sets. 


WHEELER LABORATORIES, INC., 122 Cutter Mill Road, Great Neck, New York 
Consulting Services, Research and Development, Microwave Antennas and Waveguide Components. 


The charge for an Institutional Listing is $25.00 per issue or $75.00 for four 
consecutive issues. Application may be made to the Technical Secretary, 
The Institute of Radio Engineers, 1 East 79th Street, New York 21, N.Y: 


